Manufacturing method, microstructure and mechanical property relationships for a metal matrix composite by Chapman, A. R.
        
University of Bath
PHD









Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 22. May. 2019
MANUFACTURING METHOD, MICROSTRUCTURE AND 
MECHANICAL PROPERTY RELATIONSHIPS FOR A 
METAL MATRIX COMPOSITE.
Submitted by A.R. Chapman 
for the degree of PhD 
of the University of Bath 
1991
COPYRIGHT
'Attention is drawn to the fact that copyright of this thesis rests with its author. This copy 
of the thesis has been supplied on the condition that anyone who consults it is understood 
to recognise that its copyright rests with its author and that no quotation from the thesis 
and no information derived from it may be published without the prior written consent of 
the author.’
This thesis may be made available for the consultation within the University Library and 
may be photocopied or lent to other libraries for the purposes of consultation.'
UMI Number: U545355
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
Dissertation Publishing
UMI U545B55
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
So Sts
ABSTRACT.
Aluminium and aluminium alloy metal matrix composites fabricated by liquid metal 
infiltration are investigated. Reinforcements used are mainly Nicalon continuous fibre 
but studies on an alumina and Borsic fibre hybrid have also been carried out. The , 
microstructure is characterized using scanning and transmission electron microscopy as 
well as electron-probe microanalysis (EPMA).
In the composite based on an aluminium-7% silicon-0.4% magnesium alloy, the silicon 
morphology relating to the cast eutectic microstructure is modified by the manufacturing 
method. Contamination, during fabrication, with iron is also found as evidenced in the 
formation of FeSiAl5  intermetallics. Other composite defects include porosity which is 
particularly noticeable in regions of closely packed fibre, especially where a glass weft 
has been used in preform fabrication.
Detailed studies of the x-ray emission peaks from the Nicalon fibre show that it is not 
simply silicon carbide but contains substantial amounts of a silicon-carbon-oxygen phase 
and free carbon. The aluminium in the matrix reacts with components in the Nicalon to 
form AI4 C3 , but when silicon is present the SiC/Al reaction does not occur. Alumina is 
found at the fibre/matrix interface and segregation of magnesium to the outer surface of 
the fibre was noted.
Measured fracture strength of the composite is typically -130 MPa, well below the 
~1 GPa predicted using a simple rule of mixtures. This is explained by formation of 
interphases which lower the fibre strength. Use of the Al-Si-Mg precipitation-hardening 
alloy as the matrix did not result in any increase in transverse properties; indeed, the 
thickness of the interphase was increased and the fibre strength further reduced. The 
initiation of fibre fracture and subsequent composite failure is attributed to the presence 
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1.1. Metal Matrix Composites.
Combining two or more materials to produce a desired set of properties is by no 
means a new concept and has been performed for numerous reasons, but essentially 
the choice of components is aimed at optimisation of properties, whether 
mechanical, physical or chemical. The term composite embraces a multitude of 
materials which will by nature have a diverse character, the majority of research 
and development haws been concerned with polymeric matrix composites, which 
in itself is a highly variable field. One of the main driving forces for the 
development of composite materials has been the desire to produce materials 
having high specific properties under severe environmental conditions. The use of 
metal matrix composites (MMC) produces a material with lower anisotropy than 
the polymer matrix composite and for a service temperature above 200°C, MMCs 
become more attractive materials than polymer-based composites and indeed 
conventional alloys. Early development of MMCs was limited by the availability 
of suitable non-reactive reinforcements and was confined to large monofilaments of 
boron and silicon carbide. However, with the commercial production of more 
chemically inert reinforcements the interest in MMCs has enjoyed a revival.
The choice of components is application dependent and each will have a specific 
role. The reinforcement is a material with a higher theoretical strength, which 
means that these have predominantly covalent bonding and are generally ceramic 
materials. In the bulk form such reinforcement materials show poor strength due to 
a dependence on the population of flaws and in general greater mechanical strength
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is achieved only when small diameter filaments are used. The best strengths are 
associated with whisker materials but these have problems of handling, which 
limits their application. However, any reinforcement material is near useless for 
engineering applications without the matrix constituent. The matrix has several 
roles. These include the transfer of stress to the reinforcement, so that the 
composite has the ability to withstand compression and shear as well as tensile 
loads. Also, since the fibres are the principal load bearing component, the matrix 
must be able to protect them from physical or chemical induced damage. Isolation 
of the fibres from one another is an important role, as they are generally brittle and 
the resistance of the crack progression is imparted by the matrix. Therefore a 
ductile matrix will clearly provide a means of slowing down any cracks which may 
have originated at the failed fibres.
In recent years an interest in metal matrix composites (MMCs) has been renewed^" 
3, In addition to the basic strength and stiffness of metal matrix composites it is 
desirable that these room temperature properties should be retained at elevated 
temperatures.
Since the reinforcements are usually low density the component weight is not 
increased and so the specific properties (property/density) are increased. This is 
particularly important with applications where fuel costs are paramount, as in civil 
aviation and the automotive industries. A second phase may also be added to 
confer greater wear resistance and dimensional stability.
The metal also contributes to the mechanical properties of the MMC particularly 
those in the transverse orientation. High strength alloys may be used such as alloys 
which can be strengthened by the formation of a thermodynamically metastable
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precipitate phase. However, for applications at elevated temperatures the second 
phase may coarsen and loss of strength or embrittlement result.
Early MMC research' * ' 5  was restricted by the available reinforcements. Difficulties 
in the incorporation of whiskers5  and the reactions between matrix metal and 
fibre' * '5  resulted in the lack of production of useful components. With the advent of 
more inert fibres of alumina9,13-15  ^boron^ 5 *5 5 *5 5  and silicon carbides^ - 5 5  a 
resurgence of interest has occurred. Much work has recently been carried out on 
these materials and in many cases there has been a marked improvement in the 
properties of the MMC.
The need for a fairly inert reinforcement concerns the strength of the interfacial 
bond. As mentioned above, the bond is should allow load transfer to the fibres and 
a reasonable bond strength is needed to achieve this. However, if an extensive 
reaction occurs between the fibre and matrix then another phase may form which 
might be a brittle material and act as an initiation site for failure. Furthermore, the 
ability of the composite to withstand crack propagation also depends on the degree 
of bonding. For example, too strong a bond may restrict the pull out during 
stressing the composite and limit the fracture toughness of the composite.
Much work has been carried out on methods of reducing deleterious interface 
reactions. The application of coatings to the fibre with an inert material is one such 
approach and layers of silicon carbide are usually applied to reactive fibres such as 
boron55'55. The converse is applied also^72, where the reinforcement surface is 
treated to enhance an interfacial reaction, with the intention of increasing the 
interfacial bond.
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The choice of matrix material depends partly on the final application and 
manufacturing route but generally light alloys such as aluminium, magnesium and 
titanium are used. Other metals include lead, copper and iron, where the final 
composites have usually non-strength/stiffness critical applications. For example, 
the addition of conducting carbon fibres to lead in batteries gives a reduced 
weight-*5.
MMC materials, because of their hard reinforcement constituent, are very difficult 
and expensive to machine and secondary processing is avoided if possible. There 
are two main fabrication routes for MMCs, solid state and liquid state. The latter 
tends to encompass more techniques as it potentially a cheaper method of 
producing the component, having fewer fabrication steps. This is especially true 
when the technique is able to yield near-net-shape. The liquid metal forming 
techniques are varied and include squeeze casting and vacuum infiltration. Casting 
alloys with a high fluidity are used as they should provide good penetration into the 
fibre mass.
Clearly, the behaviour of the composite will depend not only on the nature of the 
fibre and the matrix but on the way in which the composite is fabricated.
1.2. Matrix Alloys
The matrix metal used depends on the intended application and these are usually 
alloys. A prime requirement for the matrix material, is low density and the alloys 
utilized are consequentially those which have been applied historically in the 
aerospace industry such as titanium, magnesium and aluminium. Titanium alloys 
have typically been used in critical load bearing applications in the aerospace
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industry and although their basic cost is greater than aluminium alloys this may be 
more than offset by the possibility of utilizing fabrication techniques such as 
superplastic forming and diffusion bonding. The alloys of titanium generally have 
a better resistance to environment and potential high strengths and fracture 
resistance than the aluminium alloys. Magnesium alloys can have very desirable 
specific properties, although their corrosion resistance and chemical compatibility 
are relatively poor compared with the aluminium due to the lack of passivation in 
aqueous and acidic environments.
Aluminium alloys have been more widely used as matrix material because of a 
combination of good specific properties and low cost With fabrication routes 
based upon liquid metal processing, casting alloys such as the aluminium-silicon 
type have been \xstd40'44^ 2'55. The mechanical strength of a composite with 
unidirectionally aligned fibres will be dependent largely on the properties of the 
fibre component but in the transverse orientation properties will be controlled 
essentially by the matrix.
In order to improve the matrix strength alloying additions are made to the 
aluminium alloy in order to develop age hardening precipitates. Alloys such as Al- 
Cu47’119, Al-Zn-Mg^5, Al-Li6 5  and A\-Mg-Si40'43’]67 have been investigated for 
this purpose. The addition of elements such as magnesium and lithium reduce the 
surface tension of the melt and so aid the wetting of the reinforcement77 .^ The 
wetting is important when the infiltration of the preform is considered. In several 
studies alloying elements have been added to enhance the interfacial bond, these 
often involve some chemical reaction between matrix and reinforcement In the 
study by Choh and Oki7-^ the alloy additions found to improve the wetting of 
silicon carbide were those which readily form carbides.
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The aluminium-silicon alloy matrix, which is particularly relevant to the 
composites investigated in the present work, forms a simple eutectic system5 9  in 
which are included a range of useful foundry compositions. Silicon is one of the 
alloying additions which can be combined with aluminium without increasing the 
specific gravity. The microstructure is that of a typical eutectic system59'60, the 
silicon growing in a faceted anisotropic manner and the aluminium is typically non­
faceted. Figure 1.1 shows the Al-Si phase diagram55'60, indicating the limited 
solid solubility of aluminium in silicon, up to 1.65 wt % silicon at the eutectic 
temperature (577#C). The silicon-rich constituent contains 0.5% aluminium5 9 *6 0
The silicon imparts a high degree of fluidity and a low amount of shrinkage. This 
in turn results in a good castability which is desirable in MMCs for good 
infiltration. The microstructure shows primary a-dendrites in an eutectic mixture.
It is the shape and distribution of the silicon that has the largest influence on the 
mechanical properties of the alloy59. The exact structure depends more on its 
thermal history67, especially close to the eutectic point, than on its silicon content. 
Fast cooling results in the formation of primary silicon59'67, while slow cooling 
rates yield high proportions of eutectic material.
Whilst the formation of small, rounded and evenly distributed particles of silicon 
will result in high ductility, faceted acicular crystals may reduce the ductility and 
the resistance to impact damage and fatigue resistance. Heating also tends to 
spherodize the silicon.
The more desirable microstructure of finely dispersed silicon particles with a more 
fibrous morphology may be induced by small additions of sodium5 9 *6 7 *6 5  ( or larger
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additions of strontium). Sodium levels of little over 0.01% are known to modify 
the microstructure.
Magnesium is sometimes added to aluminium silicon alloys in small percentages to 
encourage the formation of a second phase, Mg2 Si, and to promote an hardening 
response60'^ .  The relevant comer of the Al-Mg-Si phase diagram is shown in 
figure 1.2, a quasibinary line Al-Mg2Si occurring at the ratio Mg:Si of 1:7.3
In the Al-Mg-Si system, growth of the second phase starts with the formation of 
Guinier-Preston (GP) zones. These are transient particles which assume a needle 
shape and are elongated in the [100] matrix direction. The precipitate which then 
forms is termed P" and is monoclinic, with a=b=0.616 nm, c=0.71 nm, 
a=P=90°,7 =^8 2 *. The orientation relationship with the aluminium matrix may be 
written:
( l l l ) 3..||(110)A1;[110]p.|[001]A1
The next intermediate phase which develops, p', is semicoherent with the 
aluminium lattice and it has been proposed to have either a cubic lattice with 
a=0.642 nm or hexagonal with a=0.705nm, c=0.405nm and the orientation 
relationships:
(0 0 1 ) ^ 1 1( 1 0 0 ) ^ :  [1 0 0 ]p.|| [0 1 1 ] A 1  or [0 1 1 ]AI
7
The final phase p, (Mg2 Si), which has a cubic structure with a = 0.64 nm, forms 
with the orientation relationship;
(lOOpplOOJA!
It is believed to nucleate at the p'-matrix interface and grow at the expense of p\
Summarising, the route for the formation of Mg2Si precipitates in Al-Si-Mg alloys 
is as follows;
^ 1* zones  ^ P  needles  ^ P rods  ^ P (Mg2Si)
Whilst, however, additions of magnesium can increase substantially the strength, 
a corresponding reduction in ductility has been reported. In non-equilibrium 
conditions Mg2Si can coexist with CuA12  and Si, although the phase Cu2 Mg8 Si6 Al5  
may also form when copper is present.
1.3. FIBRE MATERIALS.
Reinforcements may be divided into continuous and discontinuous, the latter group 
including particulate, plate, whisker and short fibre. The development of new 
reinforcement materials has expanded with the resurgence of interest in metal 
matrix composites and the requirement for structural materials suitable for high 
temperature applications has resulted in several different types. The choice of 
ceramic material as reinforcement involves consideration of their high specific 
strength and high elastic modulus, high melting temperature, and the retention of 
mechanical properties to temperatures of around 1000#C. Continuous fibre and 
high aspect ratio discontinuous fibres offer the highest potential mechanical
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strengths. A selection of typical fibre properties is given in table 1.1.
In addition to the performance of the reinforcement, its compatibility with the 
matrix materials must be considered. For example, carbon fibres have a high 
strength at a relatively low cost but are known to be reactive with aluminium alloys 
(see section 1.6.). The fabrication route for producing the reinforcement may also 
result in retained flaws which will affect the final components properties.
There are two main routes to produce a ceramic fibre, pyrolysis of a polymeric 
precursor and deposition of a material by, for example, chemical vapour 
deposition, upon a substrate wire. In the following examples the manufacture of 
those reinforcements used in the present study is described, although many of the 
stages are similar to those used to produce other types of fibre.
1.3.1. Nicalon fibre.
This type of fibre was developed by Yajima and co workers^’7 and is claimed 
to consist of predominantly (3-silicon carbide (-70%). The fibres are produced 
commercially by the Nippon Carbon company and marketed under the trade name 
Nicalon. A large amount of work has been published on these and similar fibres, 
particularly their structure^'-^.
The first stage in Nicalon fibre production involves forming a dimethylpolysilane 
by dechlorination of dichlorodimethylsilane using molten sodium (or lithium). 
Then by heating in an autoclave at about 450°C in an argon atmosphere for around 
8  hours, polysilapropylene is produced.
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The polysilapropylene is melt spun at about 350°C under nitrogen gas to yield 
fibres with a strength around lOMPa. The fibres are cured to prevent melting in 
subsequent stages of manufacture by heating in air at temperatures up to 200#C or 
by oxidation with ozone at room temperature. The fibres are now rendered 
infusible due to cross-linking of the molecular chains by oxygen, the silicon 
combining with the oxygen to give Si-O-Si and some Si-O-C bonding.
The cured polycarbosilane fibre is finally fired in vacuum or nitrogen atmosphere at 
a temperature which is slowly increased up to 1300°C. The fabrication route is 
summarized in figure 1.3.
Although Nicalon fibre is usually referred to as being a p-silicon carbide it has been 
demonstrated that significant amounts of oxygen and carbon are present7'**75’27. 
Furthermore, chemical analysis using Auger spectrometry2^ and electron-probe 
microanalysis7* showed that the amount of silicon, carbon and oxygen varied 
considerably between individual fibres, the average composition being given in 
table 1.2. Bunsell, Simon, Abe and Akiyama7* reported that the distribution of 
elements was uniform across the fibre but that there was the possibility of a silica 
layer on the surface that the microprobe could not resolve.
It has been suggested that the fibre consists of microcrystallites of p-silicon carbide 
which range in size from 2nm to 7nm but certain grades of Nicalon contain 
amorphous material7*'75. In all cases the crystalline component of SiC is found to 
comprise of the beta polymorph, the size of the microcrystallites being dependent 
upon the final heat treatment77'20.
The form in which the oxygen is present in the Nicalon fibre is more complicated.
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Early work^ " 2 2  assumed all the oxygen existed as silica throughout the fibre, to 
give compositions such as those shown in table 1.3. However, further 
investigation^^  showed the probable presence of a ternary phase such as a 
silicon oxycarbide, SiOxCy. Laffon, Flank, Lagraide, Laridjani, Hagege, Olry, 
Cotteret, Dixmier, Miguel, Hommel and Legrand-^ proposed that the fibre 
consisted of a "continuum" of tetrahedra of two structure types: SiC4  and SiCxOy 
(with x+y=4). Furthermore, they located a thin layer of silica on the fibre surface 
of a thickness no more than a few angstroms but none within the fibre bulk. The 
proposed structure of Laffen et al is shown in figure 1.4. The free carbon is 
considered to be in the form of aromatic rings of about lnm in size which are 
stacked in groups of two or three and distributed throughout the fibre.
A range of diameters for the Nicalon fibre is commonly found, figure 1.5, with a 
mean value of around 15pm. Mechanical strength of the Nicalon fibre has been 
shown to be dependent on the defect population and on the gauge length of the fibre 
t e s t e d 1 9  2 1 , 6 7  Measured strengths are typically about 1.3GPa, see figure 1.6, 
although the manufacturers (Nippon Carbon Co.) quote a value of 2.8GPa^ with no 
gauge length given. The fibre exhibits brittle failure characteristics due to the 
presence of defects. Anderson and Warren2  ^have categorized the defects as: (i) 
large defects which arise when spinning the precursor fibre, (ii) moderate surface 
defects which are formed during heat treatment and handling and (iii) defects 
which are intrinsic to the fibre's structure although they do not elucidate any further.
1.3.2. Alumina
The main limitation to the use of this reinforcement has been the difficulty in 
producing fibres of adequate quality. The mechanical properties are strongly 
affected by the presence of pores and defects as well as crystallite size and these, in 
turn, are veiy dependent on the manufacturing process. Several types of alumina 
fibre are available commercially.
A fibre referred to as FP-alumina (Du Pont) was used in this study9-^-^*^. It was 
manufactured utilizing a textile fibre spinning process in three main stages. Firstly, 
an aqueous slurry is prepared consisting of aluminium chlorohydroxide 
(Al(0H)5 Cl.nH20  ) containing a small amount of MgCl2 .6H20  and alumina 
particles of a size <0.5nm. A suitable spin-mix is made by careful control of the 
viscosity of the solution and this is then drawn through a spinneret to form fibres of 
diameter 20 to 30jim. Finally, the precursor is fired in air to temperatures of 
1300°C to convert it to a-alumina. Further treatment in a propane-air flame for a 
few seconds allows the fibre to sinter.
The product is polycrystalline alumina (99.5%) diameter 20|im, with the a  
(hexagonal) structure and a grain size of approximately 0.5pm. It is claimed9*^ 
that the fibres are stable in air up to 1100°C and they are electrically insulating. 
They have a Youngs modulus typically 355-379GPa, a density of 3.9 g cm - 3  and a 
tensile strength of 1.38GPa.
Similar melt spinning techniques have been developed for producing precursors 
used in the manufacture of y-alumina fibres^4. Here an organoaluminium 
compound is employed. In the starting material aluminium and silicon atoms are
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homogeneously mixed. This results in a very fine crystallite size (O.Oljim) with a 
homogeneous distribution of silica and alumina in proportions of about 15% and 
85% respectively.
Alumina fibres have also been made by growing single crystals in a molybdenum 
capillary tube from the m elt^*^; this produces continuous filaments. Extrusion 
blowing of a viscous liquid form followed by firing in air above 1100°C is another 
method developed for producing fibres^^-5, (ICI Saffil fibres).
1.33. Borsic.
The technique^*65'^  uses a chemical vapour deposition (CVD) process, 
involving the reduction by hydrogen of a boron halide gas on a heated substrate 
according to a reaction of the form:
2BX3 (g) + 3H2 (g) heat -> 2B(s) + 6 HX(g).
where X may be Cl, Br or I.
The solid boron is deposited onto the precursor fibre which is drawn through a 
vertical glass tube with mercury seals at the ends, figure 1.7. The substrate wire is 
heated as it is drawn through the chamber, the temperature being kept below 
1350°C in order to minimize the crystallite size of the deposit and achieve optimum 
strength. Such a high temperature requires the use of a refractory substrate, usually 
a tungsten wire of diameter 1 2 |im which has the advantage of being electrically 
conductive. Other core materials investigated include molybdenum, tantalum and 
carbon. The first two are very brittle, producing residual stresses in the fibre and
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poor mechanical performance, whilst the third carbon, may fracture and lead to 
catastrophic degradation of fibre properties. The carbon does not, however, react 
with the boron deposit whereas the tungsten does, producing a series of tungsten 
borides which provide a strong bond with the boron deposit.
Typically the boron fibre has a nodular or "com-on-the-cob" microstructure which 
is attributed to enhanced growth of boron at scratches and asperities on the drawn 
tungsten wire. Use of boron fibres in metal matrix composites is, however, 
limited because of the reactivity of the surface when in contact with metals at 
elevated temperatures-^7*66. This also limits the temperature at which the 
composite may be used.
Protective coatings may be applied to boron fibres, such as silicon carbide, to give 
the product which is known by the trade name Borsic. The silicon carbide coating 
is applied by CVD and is approximately 2.5jim thick. It allows retention of fibre 
properties at elevated temperatures but any break up of the coating results in the 
possibility of reactions occurring.
The CVD process is also used to fabricate silicon carbide fibres^2, a carbon 
substrate being usually employed.
1.4. Fabrication Techniques for Metal Matrix Composites
This section will review the major techniques used to fabricate MMCs but will 
concentrate on liquid metal infiltration since this technique was used to produce the 
composites studied in the present programme. The schematic diagram, figure 1.8, 
separates the fabrication of metal matrix composites into a. solid state techniques
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and b. liquid state techniques.
Early attempts to use standard casting techniques for MMC production involved 
mixing together the alloy melt and reinforcement and then casting the mixture. 
However, the reinforcement had a tendency to flocculate and segregate which 
limited the amount of reinforcement which could be incorporated, typically as little 
as lO^o6 5  Improvements have been made by use of stir casting6 9  but this limits the 
fabrication method to low aspect ratio reinforcements. For discontinuous fibre and 
particulate reinforcements further improvements were made by using a modified 
rheocasting method, known as compocasting79. In this technique a semi-solid is 
vigorously agitated so that the primary phase is non-dendritic, giving a slurry with a 
thixotropic nature, see figure 1.9. An additional stage for densification is needed 
which involves pressure and this can cause further mechanical damage to the 
reinforcement.
Powder metallurgy techniques, figure 1.10, involve a combination of high unaxial 
or isostatic pressure and elevated temperatures6 5 *6 9 *7 7  This also results in 
reinforcement degradation which is why this technique is limited to particulates, 
whiskers and low aspect ratio fibres.
Sheets of preformed composite may be joined to form the required component by 
diffusing bonding62*65'69, figure 1 . 1 1 , the preformed sheets being produced by 
techniques such as plasma spraying, chemical and physical vapour deposition 
(CVD and PVD) as well as casting methods. In plasma spraying the matrix metal is 
fed into a hot gas zone and vaporized to be deposited in a controlled manner onto 
the fibres. The deposit is built up at a very high freezing rate which results in pore 
formation and the generation of thermal stresses, which may give rise to crack
15
formation and/or adhesive failure. The preforms which are essentially composite 
plies, are laid down in the required form with metal foils, to achieve the desired 
volume fraction of the fibre and thickness. Bonding then takes place at a 
temperature below the melting point of the metal matrix in conjunction with applied 
pressure. With metals which form tenacious oxide films, such as aluminium, 
cleaning is necessary and to retain the clean surfaces diffusion bonding would have 
to be performed in an inert atmosphere or under vacuum. In practice there will be 
an oxide film on the surface which would require disrupting, usually by application 
of pressure, although this may cause mechanical damage to the reinforcement, 
especially fibres.
Other production techniques use similar processes to those mentioned above for the 
preform fabrication. Particulate reinforcements may be introduced into a stream of 
molten metal and the composite built up7-**77; composites fabricated in this manner 
cut out the blending and consolidation stages that are incurred in other techniques.
Infiltration techniques utilize a reinforcement preform which is permeated by a 
molten metal. The simplest technique is atmospheric pressure infiltration^ and is 
used most commonly when dealing with continuous fibres. Either the fibres are 
held stationary and the metal formed about them or the fibres are drawn through a 
molten metal bath. Composites formed in this way usually contain many pores and 
are therefore suitable only for low volume fraction composites.
By applying a vacuum to one side of the preform, fibres or whiskers which exhibit 
poor oxidation resistance when exposed to the molten metal in the presence of air, 
can be infiltrated57. The atmospheric pressure acts on the melt pushing it through 
the reinforcement.
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With all the infiltration techniques the first stage is the formation of the desired 
fibre preform7-5. This may be achieved by using a binder or binding or both to hold 
the reinforcement in place prior to infiltration. A binder is usually either polymeric 
or silica based; prior to infiltration the binder will be removed by thermal or 
chemical means. Bindings are used for continuous fibres and are in the form of 
wefts of fibres or metal strips. The quantity and mode of stacking of reinforcement 
within the preform can be controlled as required. Continuous fibre preforms can be 
made by filament winding. This positions the fibres from a bobbin onto a mandrel 
where they are then sprayed with a binder and cut to required dimensions for the 
component. Short fibre preforms are made in a similar way to the manufacture of 
paper, in that they are first suspended in a solvent with the binder. The mass is 
then placed on a porous material and a low pressure and/or temperature applied to 
remove the solvent The retained fibre mat has a random in the plane orientation 
distribution of fibres.
Squeeze casting^ 9 -7 4 ’7 5 -7 5 "5 -5  uses applied pressure to force the molten metal into a 
preform whilst it is held at elevated temperature. Figure 1.12 summarizes the 
squeeze casting process. The preform is placed within a mould and molten metal is 
poured in. Pressure is applied mechanically via a piston. After cooling, the 
solidified composite is extracted from the mould and excess metal removed by 
machining, the piston usually being shaped to aid extraction of the component74.
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Increased pressure elevates the freezing temperature of the metal, 100-200MPa 
resulting in about 10-25K74. Pressure also helps the melt to expel air gaps at the 
mould wall and so increases the cooling rate. The two factors result in a fine­
grained microstructure, thereby enhancing mechanical properties when compared 
with gravity die-cast products. Excess alloy is used to prevent any squashing of the 
preform, and this necessitates subsequent machining to provide the finished 
component.
Liquid metal infiltration (LM I)^ combines the use of pressure and evacuation of 
the preform and is the fabrication method used for the MMC studied in this 
investigation. The steps in LMI are shown in figure 1.13. The reinforcement 
preform is placed within the cavity of the split metal die. The shape of the die and 
placement and choice of reinforcement will be dependent on the desired finished 
product. The die is preheated to the processing temperature and connected to the 
melt reservoir by means of a transfer tube. Both the die cavity and the melt 
chamber are evacuated in order to degas the metal melt and remove air from the die 
cavity, both of which will reduce the likelihood of porosity in the final component. 
In addition there is less back pressure on the melt and more intimate contact with 
the die walls. Lower back pressure means that the applied pressure for infiltration 
will be lower and more intimate contact of melt and die wall will result in more 
rapid solidification and a finer grain structure. Inert gas pressure is applied to the 
melt chamber and the melt passes through the transfer tube into the die cavity. The 
melt is kept under pressure until full infiltration has occurred. Die design may 
require selective heating or cooling to produce an even solidification rate. This is 
mainly to reduce or eliminate local shrinkage problems.
Once solidification has taken place and the applied pressure is removed, the die is
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opened and the melt in the transfer tube falls back into the reservoir. The 
component is then ejected from the die and little or no further processing is required 
apart from removal of any runners and gates of unreinforced metal.
Particular combinations of reinforcement, matrix and component specification 
require differing processing variables. The operating temperature of the die may be 
too low and premature solidification may occur prior to full infiltration. This would 
result in a highly porous composite. If the die temperature is excessive the cooling 
time is too long with the metal being in its most reactive state, molten. Normally 
the die temperature would be kept well below the solidus.
The need for intimate contact between fibre and matrix in order to promote load 
transfer is fundamental to the principle of a composite material. The ability of the 
melt to wet and therefore spread over the reinforcement surface is thus important 
when considering both infiltration and adhesion in composites. Pressure 
requirements depend on the viscosity of the melt and the packing density of the 
fibres, i.e. the smaller the size of the space to be infiltrated or the higher the 
viscosity, then the higher the required pressure. For most aluminium alloys the 
melt temperature is approximately 100°C above the liquidus. Increasing the melt 
temperature decreases the viscosity but not appreciably and has the disadvantage of 
increasing the solidification time. The pressures adopted, typically less than 
lOMPa, are generally lower than those used in other pressure-assisted techniques.
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1.5. Mechanical Properties of Composite Materials.
This section provides a very brief view of the basic concepts of composite materials 
and for a more in depth study the reader should refer to publications such as those 
by Harris55, Hull59, Agarwal and Broutman".
For a unidirectional composite with good bonding between fibre and matrix, the 
load in the longitudinal orientation is shared between the fibres and the matrix in 
the proportions given by the equation:
Gc = GfVf+ Gm.(l-V f) ...................... equation 1.1.
where ac is the stress on the composite, o^the stress on the fibres and om that on 
the matrix and Vythe volume fraction of fibres. Equation 1.1 is known as the rule 
of mixtures (ROM) and this is the bases for the Voigt estimate for the modulus of 
the composite:
Ec = Em.Vm + E f V j ............................equation 12.
this can be represented by the straight line in figure 1.14.
The stresses are considered to be E^e and Em.e where e is the strain on the 
composite.
The equation 1.1 is valid if the longitudinal failure strains of the matrix and the 
fibre is the same. This is an unlikely situation and the actual case is normally that 
the fibre strain is less than the matrix failure strain. The matrix stress at the fibre
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failure strain is given as a m' to give:
oc* = Gf.Vf+ om’.(l-Vf) ................... equation 1.3.
These terms are defined in figure 1.15.
For discontinuous fibres the length and orientation of the fibres must be considered. 
Since the stress is transferred by shear forces at the fibre/matrix interface, the load 
carried by the fibre builds up from each end, the way in which this build-up occurs 
depending on the interfacial bond. The mean load on each fibre will be lower than 
the comparable continuous fibre composite strained to the same level and there is 
an ineffective length, 5, at each end of the fibre as shown in figure 1.16, The 
critical length for reinforcement (lc) is thus twice the ineffective length.
Any variations in the length of the fibres can be accounted for by applying 
correction factors to the rule of mixtures but when the fibre length is ~ 1 0 0 ./c it is 
approximately the same as the equations above.
The fibre being a brittle material is known to have a strength which varies with the 
population of flaws and is characterised by a Wiebull probability distribution. The 
probability of failure of a sample in any batch of fibres is given by:
Pf= l-exp[-V. c m/G0m]  .....................  equation 1.4.
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where m is Weibull modulus or Weibull shape factor (a measure of the scatter in the 
population) and a0 is a normalizing factor. The mean strength of the fibre, at 
constant volume, is therefore given when P j -  0.5 and by the following 
relationship:
<5f=[G0m.ln(2)IV]1/m ....................... equation 1.6.
The composite strength will be affected by the variability of the fibres which means 
that predicting composite strength is complicated, depending not only on the 
constituents but also on their interaction with each other. Upon the first fibre 
failure the composite may behave in a number of ways. Ideally the matrix will 
redistribute the load to the broken fibre segments and the failed fibre is thus able to 
retain some load bearing ability. The larger the scatter in the population of flaws in 
the fibre the less likely the fibres are to fail in the same area, so the composite 
should sustain a load after a number of fibre failures. If the scatter in the fibre 
strengths is small it is more likely that the failure of the first fibre will cause a stress 
overload in a close neighbour. The minimum strength of the composite would be 
equivalent to that of the failure of the first fibre which implies that the strength of 
the composite would depended upon the bundle strength of dry fibres.
Much research is being undertaken to produce a data base for the MMC materials. 
This includes measurement of the static, fatigue, creep and impact strengths, and 
of the stiffness for particulate and discontinuous and continuous fibre 
reinforcements12’13'39’53’54’73’78'91'118. For continuous fibre composites the 
transverse properties are rarely reported, however, the majority of the studies 
concentrating on the longitudinal behaviour.
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Whilst the stiffness of fibre reinforced materials is typically close to the rule of 
mixtures value, the strength (or fracture stress) varies considerably depending on 
the system in question. Reported strengths7 2 *5 7  for CVD monofilament silicon 
carbide reinforced aluminium-silicon alloy are typically ~1.7GPa with a stiffness of 
~210GPa, approximately 75% of that predicted by the rule of mixtures. Lee and 
Kim5 9  investigated Nicalon-based aluminium composites and reported a tensile 
strength of ~440MPa for a pure aluminium/Nicalon produced by squeeze casting; 
no volume fraction of fibres was quoted but the micrographs would suggest 40- 
50%. They have also reported that a Nicalon/aluminium-silicon alloy had a much 
lower strength, although they do not produce the evidence for this. Skinner7 7 5  has 
studied Nicalon/aluminium and Nicalon/aluminium-silicon alloy composites 
fabricated by LMI and found the flexural strength to be much higher in the former, 
916MPa compared with 302MPa and close to the rule of mixtures value of 
llOOMPa.
1.6. Structure of Fibre Composites Based on Aluminium Alloys
Most published data on aluminium alloy composites fabricated by pressure assisted 
techniques report that the fibre array was well infiltrated with little or no porosity7*" 
85,117-120 The structure in fibre-free regions of the composite was similar to that 
expected in the parent alloy, with slight modifications; such as a reduction in 
dendrite arm spacing when fibres are present779. In the case of aluminium-silicon 
and other eutectic matrix alloys, the reinforcements, whether fibres or particulates, 
tend to occur within the eutectic regions.
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Thus the incorporation of the fibres into the metal may induce a change in the 
matrix structure and properties. Although these structural modifications are often 
noted very little work is published concerning the repercussion on the mechanical 
properties.
As mentioned above the mechanical behaviour of the composite material is 
dependent on the transfer of applied loads to the reinforcement and hence the bond 
and the interface zone between fibre and matrix is of paramount importance. Tlje 
bond depends upon the microstructure of the interfacial region between fibre and 
matrix and can be considered as being a, entirely mechanical, b, the result of 
chemical interaction or, c, a combination of the two. In general, a composite 
which has only mechanical bonding will show a very poor transverse strength, 
whereas at the other extreme excessive chemical interaction may result in the 
formation of phases with poor properties and loss in the effectiveness of the 
reinforcement Most of the published reports, which are concerned with the 
consequence of modification of microstructure on mechanical properties, have 
considered the interfacial reactions and particularly the reaction product formed, if 
any.
Table 1.4 summarizes some of the relevant matrix/fibre interactions which have 
been found by different authors. Generally the exact nature of the interface 
depends not only on the constituents but also on the fabrication technique, 
especially the amount of time spent at elevated temperature. Research on silicon 
carbide-aluminium systems reports no reaction in some cases but in others 
aluminium carbide may form at the interface. The presence, however, of a small 
amount (~4-7%) silicon to the aluminium inhibits the reaction. Aluminium carbide 
is always found in carbon fibre reinforced aluminium alloys. In some SiC-Al
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investigations based on casting fabrication, no conspicuous reaction product was 
observed on the fibre surface, but the presence of aluminium and/or magnesium 
within the outer layer of the reinforcement was noted. Tafto, Kristiansen, 
Westengan, Nygard, Borradaile and Karlsen^5 suggest that this was due to an 
exchange of cations on the surface for more electropositive cations from the matrix.
Choh and O k i ^  have studied the effect of adding carbide-forming elements to 
aluminium in order to enhance the reaction at the silicon carbide interface. These 
elements include vanadium, niobium, tantalum, titanium, zirconium and hafnium, 
the formation of the carbides being associated with an increase in the distance the 
melt travels, due to the wetting, along a capillary.
There are several reports of second phases at the fibre/matrix interface which are 
not considered to result from an interface reaction but to be due to deposition of 
contaminants during melt solidification. Particles of Mg2Si were found by Saggese, 
Scott and T rum pet5 and Neite, Dudek, Kleine and Borath^0 report a variety of 
contaminant elements. Sometimes the deposited phase is an oxide of one or more 
of the matrix constituents, possibly the result of melt front oxidation, an effect 
which is especially noticeable in magnesium-based composites.
A thin layer of silica is often found on many short fibre reinforcement types, 
usually a remnant of the technique used in the manufacture of the fibre or preform, 
which may influence the interfacial reaction product in light alloy matrices.
Hughes, Hedges and S ex to n ^  have investigated the effect of a silica layer on bulk 
silicon carbide reactions with aluminium and found that a layer ~5nm can result in 
alumina formation and the suppression of aluminium carbide When no silica was 
present the carbide formed above 800°C and if the layer of silica was patchy a
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combination of aluminium oxide and carbide was observed.
The aluminium carbide does not grow as a continuous layer; Peteves, Tambuyser, 
Helbach, Audier, Laurent and Chatain^26, working with bulk silicon carbide and 
aluminium, have shown that nucleation of the carbide is non-specific although they 
report a SiC-Al4C3 orientation relationship of the form:
[0001]SiC J| [0001]A14C3 
[210]SiCj [210]A14C3
Yang and Scott-5-* have shown that aluminium carbide forms as needles in a carbon 
fibre-Al-Si system. The needles are aligned with the basal planes of A14C3 along 
their length. Peteves et 2X136 report a hexagonal morphology for the aluminium 
carbides in the presence of silicon carbide particulates.
In alumina reinforcement systems an interphase is less commonly observed, 
especially in aluminium based composites. Some reduction of the alumina is 
reported when magnesium is present in the matrix. The reaction product formed is 
often a spinel of the type MgAl20 4 and is present as fine crystals on the fibre 
surface. MgO is also reported, either in the form of discrete crystals or within the 
fibre surface as microcrystals. Normally the alumina did not react with aluminium 
and its alloys, Yang and Scott*^ and Fox, Flower and W e s t^  have shown the 
segregation of magnesium to alumina fibres, the latter authors finding a depth of 
penetration 100-500nm depending on the melt temperature. For the more porous 
low density fibre the penetration of the magnesium was greater than the high 
density form.
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1.7. Aims of the Present Investigation.
The alloy system investigated is based upon an aluminium-7% silicon alloy with a 
small percentage of magnesium added. This is selected as it has a good casting 
fluidity and reasonable mechanical properties whilst the magnesium addition is 
known to produce a precipitation reaction in the unreinforced alloy which may be 
beneficial to the transverse strength of the MMC. An additional benefit of this 
alloy composition is that the melting temperature is reasonably low which should 
minimize any chemical reaction between fibre and matrix. The composites are «- 
made by liquid metal infiltration of a fibre preform. Most of the composite material 
used incorporates Nicalon fibres, although some work is reported on an alumina- 
Borsic hybrid composite. Parallel studies are performed on Nicalon-reinforced 
commercially pure aluminium.
The matrix microstructure and interactions between fibre and matrix in these 
composites are characterized using a variety of ultrastructural techniques, including 
analytical scanning and transmission electron microscopy. Wavelength-dispersive 
electron-probe microanalysis is applied to studies of the composition of the Nicalon 
fibre, utilizing detailed analysis of the shape of the soft x-ray emission spectra from 
the relevant elements. The microstructural information is related to the parameters 
of the fabrication process, in particular the temperature and cooling time.
Complementary studies are conducted on the mechanical properties of the different 
composites, although tests are limited to tensile and flexural measurements because 
of lack of material. The fibre/matrix bond strength is studied utilizing a fibre 
indentation test and the strength of single fibres measured from fibres extracted 
from the composite. Correlations are then sought between microstructure and the
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The MMC used in this study was based on aluminium alloy matrix systems 
reinforced with continuous fibres; with nominally 40% by volume fibres. They 
were produced by liquid metal infiltration (LMI) and supplied as flat sheets by 
Advanced Materials Systems, formerly Cray Advanced Materials, Yeovil. The' 
applied pressure used was below 7MPa with a melt temperature of -750°C. The as- 
received sheets were assigned a number, and this together with the dimensions and 
a description of each sheet are given in table 2.1.
2.1.1. Fibre
The major part of the investigation involved composites incorporating Nicalon 
fibres, a commercial product supplied by Nippon Carbon, Japan, as tows of 
approximately 500 fibres; the grade of fibre used was NLM 202. In the as-received 
state they have a covering of polymeric "size". The tows were woven into plies 
with a weft of glass or as a plain weave with other Nicalon fibre tows. The plies 
were stacked into the desired configuration to make the preform. A third type of 
preform was used which consisted of a filament-wound fibres about a square 
section mandrel with a single woven layer used as a restraint. Each type of preform 
is shown schematically in figure 2.1. An alumina/Borsic hybrid was used in one 
composite which consisted of three plies of FP-alumina fibre and a monolayer of 
Borsic fibre held together by a weft strip of titanium, figure 2.1.. Prior to 




Two matrix metals were studied, commercially pure aluminium and an aluminium- 
7%silicon-0.4%magnesium casting alloy; these were designated 1000 and 357 
respectively and their nominal compositions are given in table 2.2. The 
corresponding Nicalon-reinforced composite materials are referred to by the 
acronyms N100 and N357. The N357 composite incorporated the preform with the 
glass weft, whereas the N100 utilized the woven and filament wound fibre and 
these were designated NIOOw and NIOOf respectively. The FP alumina/Borsic 
hybrid was provided as a single sheet and was used to reinforce the alloy matrix; 
this is referred to as F357. Table 2.1. summarizes the composites used in this 
study.
2.2. Heat treatment
To investigate the precipitation reaction in the unreinforced 357 alloy and in the 
N357 and F357 composites, the following thermal treatment62, referred to as T6, 
was applied:
1. The specimen was solution treated at 540°C for 16 hours in air.
2. It was then removed from the furnace and quenched into boiling water (100°C).
3. This was followed by artificial ageing at 160°C for ten hours.
Ageing curves were produced by carrying out experiments for times ranging from 1 
to 180 hours at 160°C.
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2.3. MECHANICAL TESTS.
The choice of test configuration and specimen size was determined by the limited 
dimensions and availability of the composite plates. Both tensile and four-point 
bend geometries were utilized, the majority of the work on the Nicalon composites 
being concerned with the tensile configuration. Only a small number of alumina- 
Borsic composites were tested and then only in flexure.
*
2.3.1. Tensile Tests
The tensile test technique ASTM D3552742 sets out several different specimen 
geometries which may be considered for the testing of MMCs and particularly 
FRMs. A parallel-sided test sample was chosen based on the test geometry 
designated F in ASTM 3552. This is similar to that used in the investigation by 
Roebuck, Gorley and McCartney7**. Although the standard suggests this geometry 
should be used primarily for transverse property measurement, it was shown that 
the strength was no different when a tapered section test bar was utilized. A set of 
three specimens was tested with a tapered section machined in the gauge length.
Figure 2.2 shows where longitudinal and transverse orientation specimens were cut 
from as-received sheets. Cutting was performed using a diamond impregnated 
wheel on a Acutom machine. The cut faces were ground parallel on a diamond 
wheel, an operation which also produced an uniform surface finish. These 
grinding stages utilized slurries containing, in turn, abrasives of particle size 
45|im, 15fxm and 9|im. Early experiments used silicon carbide papers to grind the 
faces of the test bars, but this was changed to diamond slurries when they became
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available since they produced less damage to fibre and composite.
A pair of shot-peened aluminium end tabs were affixed using an epoxy adhesive. 
The use of end tabs allowed stress transfer to the composite to occur while 
minimizing any grip damage incurred during testing.- In addition to information on 
the failure stress, data concerning failure strain and the elastic modulus were 
required. Strain gauges were employed since the use of extensometers was 
impractical due to the very small strains involved. The strain gauge was a FLA- 
2AS-23 type with a 6mm gauge length, which was bonded to the central portion'of 
the specimen with cyanoacrylate adhesive. A length of wire was soldered to each 
terminal of the gauge via a terminal pad which was also bonded to the specimen. 
Figure 2.3 shows the position of the strain gauges and also the acoustic emission 
transducer. Acoustic emission is a non-destructive testing technique which 
monitors the response of a material or structure to applied stress. The transducer 
detects the stress wave generated by some event in the material under investigation. 
The transducer uses the piezoelectric effect to detect the stress wave pulse from an 
event. The a.e. transducer was attached to the test bar surface after a coupling agent 
had been applied to the face of the disc, to link accoustically the two components. 
The voltage output of the transducer was amplified and the signal fed to a Marandy 
unit via a preamplifier and the data recorded on a dedicated microprocessor.
Preliminary experiments were carried out using a pair of strain gauges, one on 
either side of the test specimen in order to take account of any misalignment and 
bending during testing. Veiy little difference was found in their output so in 
subsequent strength tests a single strain gauge was used. For the measurement of 
strain and calculation of modulus, however, a pair of strain gauges were still 
required. Testing was carried out on an Instron 1195 machine at a cross-head
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displacement rate of 0.05mm min"^, the strain gauge output being recorded using 
the data storage system. The Marandy MR10004 system was used primarily for 
recording acoustic emission data but it also had a facility for measuring voltages 
such as the outputs from the Instron and the strain gauges. The sampling time 
interval was set at 500 or 1000 mS and the raw data converted into stress and strain 
values by use of dedicated microprocessor facilities. After failure the specimen 
halves were set aside for fractographic studies.
2.3.2. Flexural Tests.
Test bars were cut using a diamond wheel, the exact dimensions of the bars 
depending upon the size of the available sheet Each cut face was polished using a 
selection of diamond slurries as above.
The test geometry for use in four-point-bend flexural tests required^** that the inner 
to outer span ratio of the loading rig was set at 1:3, the span-to-depth ratio 16:1 and 
the depth-to-width ratio 1:4. Unfortunately, with the bars available it was not 
possible to produce these dimensions and still be able to produce tensile specimens 
from the same sheet. Therefore, non-standard dimension bars were tested with the 
geometries shown in figure 2.4 and designated A, B or C, in each case the inner to 
outer span ratio was as above. The main errors would be expected to occur in 
geometry A. as the shear forces would be expected to contribute to the final failure.
Strain gauges, when used, were affixed to the tensile surface, midway between 
the inner load points. Acoustic emission recordings were not made with this test 
geometry due to the limited dimensions of the specimen. Testing to failure was
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carried out on an Instron 1195 machine at a cross-head displacement rate of
0.05mm min*1.
2.3.3. Shear Tests
The specimen geometry used is shown in figure 2.5. It is a block of material with a 
notch cut using a diamond impregnated wheel to a depth which passed through the 
central plane of the composite test specimen. Test specimens were cut from the 
4mm N357 sheet (800) and the 6mm N100 filament wound sheet (1100). The end 
faces were then polished parallel on silicon carbide or diamond grinding wheel and 
the specimen loaded in compression. Testing to failure was carried out on an 
Instron 1195 machine at a cross head rate of 1mm min*1. The technique was based 
on the tests used to measure the shear properties of MMC by Diwanji and Hall^5. 
The technique was based on ASTM D3846-79745 as used for the shear testing of 
polymeric matrix composites. Testing the composite revealed that the failure did 
not usually occur in the plane of the fibres but by bending at the notch position. 
Diwanji and Hall did not mention using a constraining jig in their tests but the 
original standard does. A jig was constructed that would enable the reduction of the 
bending load; this is also shown in figure 2.5.
2.3.4. Single Fibre Tests.
The testing technique was based on ASTM D3379-75^6 and used the arrangement 
shown schematically in figure 2.6. Single filaments of Nicalon were randomly 
selected and affixed to a card former with a hard wax adhesive, sufficient wax 
being applied to minimize any pull out of the fibre.
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The fibre, mounted on the card former, was clamped in the jaws of an Instron 
1122 testing machine,. The card former was cut so that the filament was 
unsupported and the force applied until failure occurred. Cross-head displacement 
was set at 1 mm min"*
To examine the effect on the mechanical properties of the fibres at the different 
stages in the production of the final composite plate, single fibres were tested in the 
following conditions:
1. Fibres as-received from the manufacturer on a bobbin.
2. Fibre tows woven with a glass weft in the form of a preform.
3. Extracted from (see below) the composite (N357), the preform infiltrated with 
357 alloy.
4. Extracted from the composite (N357), the preform infiltrated with 357 and heat 
treated (T6).
5. Extracted from the composite (N100), a preform infiltrated with commercially 
pure aluminium.
6. Fibres as-received on the bobbin exposed to a heat treatment of 540*C for 16 
hours.
However, this is only applicable where the fibres have been extracted from their 
surrounding environment. Removal from the bobbin or preform was relatively easy 
requiring only manipulation with tweezers. In the case of fibre extraction from the 
composite a selective etch was employed as follows. Firstly the composite was 
immersed in an acid bath containing hydrochloric, hydrofluoric and nitric acids to 
remove all matrix constituents. The Nicalon fibres were then washed in water and 
air dried. To create a valid comparison between fibres from different environments
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each set of fibres was given the same acid bath immersion prior to mechanical 
testing. Additional fibres were tested from the bobbin in the non acid immersed 
state.
To investigate the-fracture surface of the fibres and attempt to find the flaws — 
responsible for the failure, the following procedure was performed. The fibres 
were mounted on the card formers as described above and then coated in a silicone 
material. After loading to failure the silicone was removed using a solvent to allow 
the fracture surface to be examined in a scanning electron microscope. Only a '  
small number of these tests were performed and most of the failures could not be 
found.
2.3.5. Microhardness Measurements
The microhardness was measured using a Leco M400 microhardness testing 
machine.
Most of the microhardness measurement was performed within the a-aluminium 
dendrites in order to follow the effect of heat treatment. This was carried out on 
both the unreinforced 357 and on the N357 and F357 composites. An indenter 
force of 50 g was found to be necessary with a dwell time of 20 seconds. The 
sample was in the polished condition and a transverse section chosen so that sub­
surface features, such as silicon particles or fibres, did not influence the indent 
size.
2.3.6. Fibre/Matrix Interfacial Shear Tests.
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This technique was developed by M arshal^7' ^ 9 to establish the fibre/matrix 
interfacial shear strength (x) in brittle matrix composite materials. It measures the 
movement of the fibre under an applied force and applies a simple geometrical 
relationship, such as that illustrated in figure 2.7. This gives the fibre displacement 
in terms of the indent size in the matrix and fibre. These dimensions are then used 
to calculate the interfacial shear strength (x), by applying the relationship:
x = F2
4n2.uJl3.Ef
where F  is the force in Newtons exerted on the fibre, u is the fibres downward 
movement, R  the fibre's radius and £ythe fibre's stiffness ( for Nicalon, values of 
200 GPa are quoted for the fibre stiffness).
The force on the fibre, F, is related to the hardness of the fibre, H, and the half 
length of the indent in the fibre, a, by the equation:
F  = 2.a2.H
By simple geometry, see figure 2.7, the downward displacement may be 
calculated and shown to be:
u=(b-a).cot co
For a Vickers indenter of the type used co is 37°; b is the half length of the indent in 
the matrix.
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Using a transverse polished section a circular fibre was chosen as this is the most 
likely to lie parallel to the loading direction. The pyramidal diamond of the 
microhaidness machine (Leco M400) was positioned using the eyepiece cross 
wires. The choice of load was made by observing the result of differing loads on 
the indent size. If the load was excessive there would be only a single indent 
produced. This usually resulting in fragmentation of the fibre. Insufficient load 
resulted in no movement of the fibre. The fibre diameter also had an effect on the 
indent sizes. If the load preferred for a fibre of diameter 12pm was applied to a 
fibre of diameter less than ~8pm the fibre would often fail. Conversely if the ' 
chosen load was applied to a fibre of approximately 18pm there was no discernible 
fibre movement
A number of indents were produced in fibres, generally selected from areas where 
the fibres were surrounded by aluminium matrix as opposed to silicon or other 
fibres. Some fibres within tows were also tested, but these required careful 
selection in order that a suitable matrix indent could be produced (see figure 2.8).
Once the pair of indents had been produced in fibre and in the matrix, see figure 
2.7, calculation of the hardness of the Nicalon fibre was necessary. To provide this 
value the load was reduced to a level which allowed indentation of the fibre without 
any resulting movement of the fibre relative to the matrix. A large diameter fibre 
was chosen as its larger bond area would require a higher force to cause relative 
displacement. The fibre hardness found was 17GPa.
It was necessary to undertake a large number of indents because it was difficult to 
position the diamond indenter accurately on the fibre; the bond strength was 
variable, a large amount of experimental scatter occurred, and the quality of the
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indent produced was often poor with matrix yielding or fibre splitting.
This technique was utilized for N357 and N100 composites in the as-received 
condition and the N357 composite in heat-treated condition.
2.4. Optical microscopy
The standard method of preparing specimens for optical microscopy is by 
"polishing" sections, i.e. mechanically removing material with a hard abrasive ' 
material. In a composite the various phases present complicate the process, since 
the different constituents usually have a different hardness and respond differently 
to the polishing process. Furthermore, it was important to have a process which 
did not damage the fibres and the matrix phases. Early experiments carried out 
using standard silicon carbide or alumina abrasives gave unsatisfactory results and 
when a choice of diamond slurries became available this was the technique 
selected. It required less preparation time with fewer stages, generally produced an 
improved finish and is described below.
From the bulk composite a section was cut; either to provide a transverse or a 
longitudinal fibre section. Figure 2.8 shows the two sections diagrammatically. 
The cutting was performed using a Accutom diamond wheel consisting of diamond 
impregnated in an ablative epoxy resin. This was preferred to diamond bonded to a 
metal since the latter became clogged with the soft aluminium phase during use 
whereas the ablative epoxy exposed clean diamond during cutting. The result was 
less surface damage and a reduction in preparation time. The speed with which the 
composite was fed to the wheel also affected the quality of the cut, the faster the 
feed rate the more extensive the damage, which was seen to extend up to ~300|im
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from the cut surface.
After sectioning, the specimen was mounted in resin which contained a filler to 
confer some wear resistance and minimize the development of surface relief. The
filler was either a short fibre glass or carbon powder, the latter being preferred------
when an electrically conductive mount was required, as for subsequent 
examination of the specimen in the scanning electron microscope (see section 2.5).
To produce a planar surface the mounted specimen was ground on a fixed diamond 
wheel with water lubrication. The diamond size at this stage was 50jim 
(alternatively the use of a 45pm slurry on a #10 Beuler wheel could be selected). 
Subsequent grinding and polishing stages are detailed in the plan set out in figure 
2.10.
For microscopy it was desirable that the specimen was dry and free from deposits 
from the preparation technique. The use of detergent followed by solvent wash 
often left a deposit on the surface and so flushing with distilled water followed by 
drying on a clean Medap wheel was preferred. This was critical when analysis in 
the scanning electron microscope was subsequently required.
The prepared sections were studied in a Zeiss ICM 405 reflection microscope fitted 
with a 35mm roll film camera.
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2.5. Scanning Electron Microscopy.
The scanning electron microscope (SEM) gives a resolution which is dependent on 
the size of the focused beam, approximately 5nm. Compared with the optical 
microscope it has a larger depth of field and, when fitted with an -x-ray analyzer 
(see section 2.6) compositional information may be provided. The principle of the 
SEM technique may be described briefly as follows. An electron beam incident on 
a surface undergoes certain interactions as summarized in figure 2.10, and which 
yield information about the structure of the specimen. In the SEM a beam of ' 
focused electrons is produced and scanned across an area of the specimen. By 
detection of either secondary or backscattered electrons emitted from the specimen, 
an image may be built up. These pass to a scintillator producing light photons 
which in turn pass to a photomultiplier. This signal is used to control the 
brightness of the electron beam in a cathode ray tube (CRT) which scans in 
synchronism with the electron beam incident on the specimen. Thus the brightness 
of the CRT image corresponds to the variation in the density of electrons emitted 
over the scanned area of the specimen.
The mount material should be electrically conductive in order to reduce the 
specimen charging problem when irradiated by the electron beam. The mount 
materials available were either a copper-filled or carbon-filled thermo-setting resin. 
Both provided adequate conductivity but the copper filled mount showed 
preferential material removal such that the specimen became bevelled at the edges. 
Carbon-filled mount material provided adequate edge coupled retention with the 
desired conductivity and was therefore preferred. An alternative was to use a hard 
filled facing material with a backing of a conductive mount material.
41
Cleaning of the polished surface was especially important when any analysis was to 
be undertaken. For example, it was found that the use of organic solvents results in 
the deposition of carbon on the specimens surface, which introduced false results 
when carbon was being analysed For phases which were non-conductive, the use 
of a sputtered coating of gold was applied and in some cases copper was evaporated- 
on to the specimen.
Examination of the prepared specimens was carried out in either a JEOL 35C SEM 
or a JEOL JXA 8600M electron probe microanalyser (EPMA), see section 2.7.'
In addition to the examination of polished sections, the SEM was used to study 
fracture surfaces. This required cutting of the fractured test bar away from the 
fracture surface so that it could be accommodated in the SEM chamber. The 
fracture surface was coated with gold to reduce any charging. The chemical 
composition of phases could be identified in the JEOL 35C using the EDS (energy 
dispersive spectrometer, see section 2.7). Analysis could be made from a selected 
area or from a "spot". Spot analysis was generally used as this minimized the zone 
of x-ray generation and excitation from material surrounding the phase in question.
SEM was used also to investigate "deep etched" specimens where certain 
constituents are selectively removed. A standard aluminium alloy etchant 
containing nitric hydrochloric and hydrofluoric acids was used.
The SEM can also be used to produce three-dimension images. This technique is 
known as stereomicroscopy; essentially this uses two different views of the same 
area taken under identical conditions, except for a specimen tilt angle difference of 
a few degrees (typically about 5°-7° tilt). Each image is set so a given feature is in
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the identical position in both images. These images then represent the view that the 
left and right eye see. With the use of a viewing aid the pair of images can be 
interpreted as a single three dimensional image. This technique was used for both 
fracture and deep etched specimens but was not used extensively as the requirement 
for a special viewer made reporting the results difficult.
Using either optical or scanning electron micrographs the volume fraction of fibres 
was measured by either fibre counting or image analysis. This was carried out 
using a Magiscan 2A image analyzer and by direct measurement from fibre * 
diameter and number distributions in a transverse section. Although each of these 
provides an area fraction the volume fraction is assumed to be the same as the fibres 
are continuous.
2.6. Transmission Electron Microscopy (TEM).
The contrast from a crystalline specimen is dependent on the intensity of the 
transmitted electron beam. There are three main contrast mechanisms; mass­
thickness, diffraction and phase contrast For a specimen which is sufficiently thin 
for useful TEM it can be assumed that all bar a few backscattered electrons pass 
through the foil. The energy and angular spread of these transmitted electrons will 
vary due to elastic and inelastic scattering within the specimen. By addition of an 
aperture, centred about the optical axis, electrons scattered beyond a given angle 
will not be observed. Regions of greater thickness or higher density scatter more 
and so will appear darker, less electron intensity. This is known as mass-thickness 
contrast. For a crystalline material an additional contrast mechanism can occur.
This is diffraction contrast and principally due to the increased intensity of the 
scattered electron beam at certain angles. Differences in the lattice parameter,
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plane orientation relative to the incident beam and thickness can cause interference 
to produce regions of increased or diminished transmitted intensity, which form the 
contrast. The final contrast mechanism utilizes interference of electron beams 
which are out of phase. Since it is usual for a phase change to occur when 
scattering takes place, this type of contrast mechanism is usually present but not 
always noticeable at lower magnifications. The contrast, being due to interference 
is thus in the form of a series of fringes of light and dark.
The resolving power of the TEM is a function of the electron wavelength (X) 
according to:
5 = 0.61 X /N A .
where N A . is the numerical aperture and is ~0.01 radians and the wavelength is 
~0.003nm. This gives the separation of closest resolved points, 8, as 
approximately 0.2 nm.
For examination in the TEM the specimen must be prepared in the form of a thin 
section. This requirement is a result of the image forming mechanisms. 
Additionally the specimen will, ideally, have parallel faces, to reduce thickness 
contrast, be stable in the microscope and during handling, be representative of the 
bulk specimen and not be changed by the preparation technique.
The preparation technique used is outlined in the following paragraphs. First a disc 
of diameter 3mm, with a thickness of 300-500|im was cut from the bulk material. 
This required the use of a diamond wheel, an Accutom machine fitted with an 
automatic sample feed was applied. The bulk specimen was clamped in the feeder
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and initial squaring or roughing cut made. This provides a surface from which a 
parallel sided slice was cut. Subsequent cuts were made by setting the built-in 
micrometer to the required thickness, 200-500 Jim. Consideration was made of the 
width of the cut; to a first approximation this was the thickness of the diamond 
wheel. -----
A number of 3mm discs of material were punched out of each slice; this however 
was found to be too aggressive for some of the thinner slices. Hence either thicker 
slices were used or the alternative of using a hollow drill was applied. The hollow 
drill technique followed the slice production as above; the slice would be mounted 
on a glass slide with either a wax or double sided tape and the disc drilled ou t 
There were two types of drill bit available; these were either a steel bit used with a 
diamond containing gel or a diamond impregnated bit. The former tended to wear 
preferentially when used with the composite materials, and both types of bit were 
found to melt the wax if excessive load or speed were applied.
The thinning stage was important; the use of electrochemical thinning was 
considered inappropriate as it results in differential thinned regions. The 
preparation route used was thus as follows: further mechanical thinning was 
undertaken to reduce the thickness of the disc to approximately 200|im. The 
abrasive medium used was silicon carbide; although this was shown to produce 
damage to fibres when used for metallographic preparation this was not generally 
the case here. This was thought to be due to reduced area and pressure factors. 
Once the disc thickness was reduced to ~200(im a "dimple" was machined into both 
faces, figure 2.12. A VCR group dimpler was used, this technique utilizes a 
diamond slurry, either 3jim or ljim, with a hardened steel grinding wheel to 
abrade a dimple in the centre of the two opposing faces of the disc. The dimensions
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of the steel wheel used allowed an approximation of the depth of the dimple to be 
made. Dimples of approximately equal depth were put in each face so the retained 
thickness in the centre of the disc was ~30-40jim. A final polish of the dimpled 
surface provides an improved surface finish; this was performed using a colloidal 
silica suspension on a soft polishing wheel. -----
Once the desired central thickness was achieved the dimpled disc was transferred to 
an ion-mill for final thinning. Ion beam thinning (milling) uses energetic ions to 
thin specimens. The specimen was rotated and thinned from both sides by 
application of two guns simultaneously, figure 2.12. Argon gas was used with an 
accelerating potential of a few keV (typically below 5keV).
The ion beam thinning was carried out on a Gatan Dual Ion Mill, although some 
thinning was performed on a Ion Tech machine. The thinning angle was kept at 12* 
until perforation and then reduced to 8* to provide an extended thinned area. The 
point of initial perforation was measured using a "terminator"; in the Gatan mill 
this was a laser beam orientated perpendicular to the disc being thinned. The 
amount of thinning at the lower angle was set initially for ~3 hours; further 
thinning could be performed if necessary after initial inspection in the TEM.
It was found that some of the more frail specimens, such as those from the heat 
treated N357, fractured during an early stage of handling and were thus rendered 
useless for TEM examination. To provide an adequate thinned section the disc was 
ground to approximately 60 fim and then transferred to the ion-mill until 
perforation. The final foil often required placing on a fine grid of copper for 
examination in the TEM as although thinned sufficiently it would normally fail 
during mounting in the microscope. The main problem with this approach of
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thinning, was the prolonged time exposed to the elevated temperatures within the 
ion-mill. A cold stage has now been fitted to the Gatan machine and may show if 
the results are an artifact of the production or not
Inspection- orthe thinned specimen was carried out in a JEOL 2000FX-microscope 
at an accelerating voltage of 200kV. This TEM was also fitted with a high angle 
EDS detector. Using the EDS in the TEM has an improved spatial resolution 
compared with that in the SEM. The volume of material from which the elemental 
information emanates is much reduced due to the sample being thin. Also the beam 
may be focused down to a very small area in which to concentrate the elemental 
analysis.
Insertion of a small aperture allowed the production of diffraction patterns, these 
are known as selected area diffraction patterns (S ADP). These are formed from the 
interference of the diffracted electron beam, constructive interference resulting in 
bright spots, the spatial and angular distribution of which relate to tne 
crystallography of the examined crystal. The diffracted beams are reinforced when 
the Bragg’s Law is met, i.e:
2d.sin 0 = n.X
where d  is the lattice plane spacing, 0 the diffraction angle and X. In the TEM 
some of the electrons pass through the specimen unaffected; the diffracted 
electrons hit the screen at a distance r from this non-deviated position. The screen
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is a distance, the camera length, L  away from the specimen and so the image on 
the screen can be related to the crystal structure by:
r.d = L \
S ADP may be analysed to provide detail of the crystal structure of the phase under 
investigation.
The type of holder used depended on the facility required; for general observation 
a simple single tilt stage was applied. However, when EDS was carried out the 
elements from the holder itself could cause confusing results, so a beryllium holder 
was used. Beryllium is too low in the x-ray energy scale to be measured by EDS. 
For diffraction it is not usually the case to have the planes aligned such that they 
can produce a regular diffraction pattern, it was therefore necessary to utilize a 
double tilt holder so the specimen could be positioned with the different tilt angles.
2.7. Electron Probe Microanalysis (EPMA).
As shown in figure 2.11 when an electron beam strikes a sample various electron- 
electron interactions result Of particular interest for the identification of elements 
is the emission of X-rays. The energy and wavelength of the x-rays emitted are 
characteristic of given electron transitions within the element(s) present and the 
intensity of the "characteristic" x-rays is a measure of the quantity of that element 
present. Thus we have a means of providing data on both elements present within a 
specimen and on their concentration.
The detection systems used in EPMA may either measure the energy or the
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wavelength of the x-rays emitted. They are referred to as energy dispersive 
spectrometry (EDS) or wavelength dispersive spectrometry (WDS). The first type 
of detection system (EDS) uses a silicon semiconductor, the incoming x-rays 
which fall upon the detector excite a number of electrons into the conduction band 
of the silicon thus creating an equivalent number of positively charged holes in the 
outer electron shells. The individual energy of each excitation is very small and 
therefore the number of electron-hole pairs is proportional to the energy of the 
incident x-ray photon. With a voltage applied across the silicon a current can flow 
as each x-ray is absorbed and the magnitude of the current is proportional to thex- 
ray energy. The signal is normally enhanced by reducing the conductivity of the 
silicon by doping with lithium and cooling to liquid nitrogen temperature. A 
'window' is utilized to stop contaminants from the specimen chamber condensing 
on the detector. The windows are made of beryllium and the thickness kept to a 
minimum to reduce the absorption of x-rays, unfortunately this means that low 
energy x-rays are prevented from falling on the detector and light elements, below 
sodium, can not be detected. With systems which can achieve a high vacuum the 
window can be removed and light element analysis carried out, the JEOL 35C used 
in the present study, has a windowless capability. The EDS fitted to the JEOL 35C 
and JEOL 2000FX were connected to Link AN10000 analysis systems.
WDS measures the wavelength of the x-rays. This technique uses crystals of 
known lattice spacing, d, to "select" the x-ray wavelength , A,, which is
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characteristic for a given element The relationship between the two quantities is 
given by the Bragg law:
nX= 2dsin 0
where 0 is the angle between the incident x-rays and the crystal lattice planes.
The WDS detector on the JEOL JXA 8600M was fitted with four double-crystal 
spectrometers which could be used to analyse the x-ray spectrum from an element. 
The crystals used are summarized in table 2.3. The JXA 8600M could be used in 
the manual mode or it could be computer controlled. Several analysis options were 
available. These included qualitative investigation, where each crystal scans 
through a preset wavelength range and peaks are detected at given characteristic 
wavelength values, dependent on the elements present. A quantitative analysis 
routine was available which required the use of standard samples containing the 
element in question in an exactly known form (often this will be the pure element). 
Standards were required because the intensity of the x-ray is rarely a direct measure 
of the concentration. By comparing the intensity of an unknown with a standard a 
correction may be made. The relationship between standard concentration cstd and 
specimen concentration cspc, is given by cspc=k.cstd where k, is the ratio of the 
intensity of x-rays from the specimen and the standard. Corrections are usually 
required, referred to as the ZAF method, to account for the atomic number factor 
(Z), the absorption of x-rays (A), and a fluorescence factor (F). Ideally the value 
of the ZAF correction would be 1,, and the intensity would give a direct measure of 
the concentration. However, in reality one or more of the factors will deviate from 
unity.
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The atomic number effect depends on the efficiency with which the electron beam 
generates x-rays in the element concerned. This in turn depends on (i) the electron 
penetration before loss of energy allows no further x-ray excitation and (ii) the 
number of electrons which are backscattered without x-ray generation. Generally 
Z>1 for analysis of a heavy element in a light element matrix and Z<1 for a light— 
element in a heavy element matrix.
The x-ray absorption factor is dependent on the mass absorption coefficients of the 
combination of elements in the specimen relating to the energy of the x-ray line ' 
being measured. The fluorescence factor results from indirect x-ray production by 
other x-rays. However, it is a very inefficient process and is usually only a 
problem in compounds with similar atomic number elements causing a 
disproportionately high intensity of the lower atomic number element.
The JEOL JXA 8600M was fitted with a computerized package which calculated 
the ZAF correction and provided a concentration output. However, in the 
investigation of the Nicalon fibres the ZAF correction parameters of Scott and 
Lqv e ^  was used since this was believed to be more accurate for the analysis of 
light elements such as carbon and oxygen. Specimen requirements for WDS 
demanded a planar surface as the measurement technique depended sensitively on 
the ’height' of the specimen to be set.
The EDS system fitted to the JEOL 35C was capable of detecting elements down to 
Z=5 (boron) in the periodic table. This instrument was used more as a general 
purpose SEM and had the capability for backscattered electron imaging (BSI) as 
well as secondary electron imaging (SEI).
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2.8. Differential Scanning Calorimetry.
This technique was applied to investigate the changes in state which occur within 
the systems concerned. By comparison of the energy input needed to maintain the 
temperature or heating rate of a specimen and of a standard (usually a pure — 
aluminium pan), chemical reactions, melting points and phase transformations 
may be investigated. The technique is summarized schematically in figure 2.14. 
The equipment used was a Du Pont system fitted with a 9900 DSC cell.
In this case the DSC was principally used to follow the precipitation reaction within 
the matrix alloy and observe whether this also occurred in the N357 composite.
This was performed by using a series of solution treated samples and studying the 
DSC energy-temperature curve produced. Each series of measurements was 
preceded by an experiment with an indium standard in order to provides a set point 
from which the thermocouples output may be characterized. Once the DSC was 
calibrated using the standard a specimen of either 357 alloy or N357 composite was 
introduced. The mass of the specimen required lay in the range 4-12 mg so that 
reasonable energy changes can be noted while the whole of the specimen can 
respond to the heating rate. It was found that a typical 3mm disc as produced for 
TEM, prior to thinning, was of a suitable mass and easy to handle.
The specimen was weighed to within 0.001 mg and "cramped" within an 
aluminium pan. The specimen and reference pan were subjected to a simple ramp 
heating at 10°C muT* from 23°C to 610°C and any heat flow required to produce 




3.1.1. Aluminium-7 % Silicon-0.4 % Magnesium Alloy.
Chemical analysis data are given in table 3.1.
A polished section of unreinforced as-cast alloy 357 is shown at low magnification 
in figure 3.1. The microstructure consists of dendrites of a-aluminium (A) 
surrounded by an eutectic mixture of aluminium and silicon (B). In addition to the 
eutectic silicon, particles of primary silicon are found (C) which have a blue grey 
colour in the optical microscope. The lighter grey phases CD) were found to 
contain aluminium, iron and silicon by use of electron probe microanalysis 
(EPMA), an EDS trace being shown in figure 3.2. Table 3.2 gives quantitative 
data for the acicular intermetallic phases corresponding to 15.0 ± 0.5 wt% silicon 
and 25.4 ±  0.4 wt% iron. These compositions are in accord with the phase 
F eS iA l^ . Analysis of smaller particles of intermetallic gave a higher aluminium 
concentration. Since, however, the iron and silicon atom ratio was still 1:1 these 
were also believed to be FeSiAl5, the extra aluminium x-ray emanating from the 
surrounding aluminium matrix.
A second intermetallic phase was observed which took the form of a 'script' phase 
marked E in figure 3.3. EDS analysis shows it to contain iron, silicon and 
aluminium but that the percentage of silicon was higher than in the FeSiAl5, figure 
3.2.b. The weight percentages are 23.6 ± 0.5 wt% silicon and 24.2 ± 0.3 wt% iron, 
table 3.3, from which the intermetallic phase was deduced to be FeSi2Al4.
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A third phase within the aluminium dendrite arms was observed, marked F, figure 
3.4.a. The EDS trace, figure 3.4.b, revealed the presence of magnesium and 
silicon only, with a small aluminium content coming from the matrix. These were 
considered to be Mg2Si. An x-ray map of the magnesium distribution, figure 3.5.a, 
showed that the majority of the magnesium in the alloy was confined to these 
interdendritic phases, with only a small amount being present in solution in the 
aluminium. A second magnesium-containing phase was observed, figure 3.5.b, 
with iron, silicon and aluminium being present, in addition to the magnesium. '
Figure 3.6. shows that the most noticeable effect of heat treatment on the 
microstructure was modification of the silicon morphology. The eutectic silicon, 
which initially was in the form of fine needles, had become spherodized after heat 
treatment. The iron-rich intermetallics were present in the same form as in the as- 
cast specimens.
No large magnesium-containing phases were detected in the heat treated alloy. 
EPMA analysis of the composite, such as figure 3.7, showed that the magnesium 
was evenly distributed throughout the aluminium dendrites.
A typical DSC thermograph for the 357 alloy is given in figure 3.8. The curve 
shows an endotherm at approximately 580#C which could be resolved into two 
peaks, at 576°C and 589°C. The first peak corresponds with the eutectic 
temperature and the second with the FeSiAl5 phase. An exothermic peak was found 
. at 240°C, figure 3.9, with an area of 12.3 ± 2.7Jg_1 and is related to the formation 
of magnesium silicide, Mg2Si.
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3.1.2. 1000 Series Alloy.
The microstructure of the commercially pure aluminium (1000), in the as-cast 
condition, Figure 3.10, consists of dendrites of aluminium. A second phase was 
observed, (H), which EDS, figure 3.10.b, shows contains aluminium and iron. 
Quantitative analysis gave 32.3 ± 0.2wt% iron and 67.5 ± 0.5wt% aluminium, 
confirming it to be the FeAl3  intermetallic.
3.13. Nicalon-357 Alloy Composites, N357.
Chemical analysis data for each sheet are given in table 3.1, showed a noticeable 
variation in the magnesium content of the matrix, ranging from 0.03 to 0.58 weight 
percent. The weight percentage of iron ranged from 0.60 to 1.00%.
Figure 3.11.a and b show a transverse section of an as-received composite (N357) 
and figure 3.1 l.c and d are micrographs of a longitudinal section. In addition to 
the reinforcing fibres the following features were observed; weft fibres, G, 
porosity, P, silicon phase particles, S, various intermetallics, D, and interfaces. 
Each of these features are dealt with below.
The Nicalon fibres show little variation in section shape but the diameter was found 
to vary, figure 3.12. The mean value of ~14.8|im was determined, in good 
agreement with published data74. In these measurements care was taken to account 
for fibres cutting the sectioned plane at some angle deviating from 90°. The tows 
were closely packed, typically containing 500 fibres.
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The fibre volume fraction was measured as 0.43 overall and 0.59 within a fibre tow. 
In many of the composite sheets the fibres had a higher proportion of large diameter 
fibres. Hence, in calculating the fibre volume fraction the use of the mean 
diameter over-estimates the value. A more accurate technique accounts for the 
actual fibre diameter and this was used to calculate the figure above. The same 
result was also found when image analysis was utilized to find the volume fraction. 
Also with image analysis it was easy to over-estimate the volume fraction because 
the equipment could consider the fibre tows as a single item. The composite 
manufacturer gave a volume fraction of 0.40 based on the amount of fibre placed in 
the die.
Qualitative data, such as the EDS trace in figure 3.13, show that there were only 
three elements in the Nicalon fibre, silicon, carbon and oxygen. Quantitative 
EPMA was carried out using the JEOL JXA 8600M instrument to establish the 
composition of Nicalon fibres. The fibres studied were in a prepared transverse 
section of the composite and had a thin (~2 0 nm thick) coating of gold or an 
evaporated coat of copper, ~ 1 0 0 A  thick. The analysis was carried out, at an 
accelerating voltage of 10 keV and the ZAF correction provided in the JXA 8600M 
was used. The standards used were silicon carbide for the silicon and the carbon, 
and silica for the oxygen. The corrected data are given in table 3.4. There were 
two distinct sets of fibre compositions and these either contained ~14wt% or 
~9wt% oxygen. The corresponding carbon percentage changed from ~31wt% to 
33wt% but the silicon content was constant at ~53wt%. The total weight 
percentages found were rarely 100%  and it was not obvious what was causing the 
errors; it was therefore decided to investigate the individual x-ray emission lines 
and the ZAF correction applied.
Firstly the silicon content of the Nicalon fibre was investigated, the standards 
utilized being pure silicon, silicon carbide and silica. Figure 3.14 shows the 
silicon Ka x-ray emission peak from the four substances obtained using the PET 
analysing crystal. The x-ray intensity (k) ratio relating to each standard is given in 
table 3.5. These figures were used to calculate the weight percentage of the silicon 
present using the ZAF correction of Scott and Love, the mass absorption 
coefficients of B a s tin ^  were applied. The values obtained are given in table 3.6. 
Use of the silica standard indicated that -57 wt% silicon was present, whilst the 
other values were -52  wt%. It was considered that the first value is likely to be an 
overestimate. The carbon analysis utilized the STE crystal and a silicon carbide 
standard. This gave a k ratio of 0.986 and a ZAF corrected value of 26.8 wt%. 
These values were based on measurement of x-ray peak intensities but as figure 
3.15 shows, there was a difference in the peak shapes for the standard and the 
specimen. The Nicalon produced a slightly broader peak than the silicon carbide, 
whether in a - or (3- form. This would imply that the use of peak height 
underestimated the carbon content of Nicalon. A shape factor was therefore 
calculated from the ratio of the area of the curve to its intensity or peak height, in 
order to transform peak height into a peak area. The revised values for the Nicalon 
and silicon carbide are given in table 3.6, and the new weight percentage of carbon 
was calculated to be 27.9 ±  0.5 wt%.
The oxygen Kq x-ray line for the Nicalon was studied, this was measured on the 
LDE1 crystal and compared with that from a silica standard. The wavelength 
resolution of this crystal was poor and so the intensity of the peak was considered to 
be a sufficiently accurate measure of the concentration of oxygen. The k ratio of 
the intensities was 0.17 and the weight percentage was calculated, after ZAF 
correction, as 11.8 ± 0.5 wt%. Thus the total weight percentage of the three
57
elements in the Nicalon fibre was -92 wt% but it was not clear what was causing 
this discrepancy. No other elements were present and no large amounts of porosity 
observed, but the validity of the silica standard has already been questioned and 
may account for some of the inaccuracies. The work is being continued in order to 
produce a more accurate measure of the composition. In the meantime, however, 
it was assumed that the proportions of each element were correct, and if it is valid 
to normalize the weight percentages to 100 wt%. This gives the weight percentages 
for each element as 56.5% silicon , 30.4% carbon and 13.1% oxygen, figure 
3.16.
To establish the way in which these elements combine in the fibre, i.e. the 
compounds which are formed, the shape of the x-ray emission peaks was studied. 
Figure 3.17 shows the silicon Kp lines for the silicon carbide, silica and the 
Nicalon. This emission is produced by the transition of a M-level electron and is 
thus dependent upon the valance bond. These peaks have been normalized to the 
same height and there is clearly a difference between that obtained for the silicon 
carbide and the silica respectively. This reflects differences associated with the 
silicon-carbon bonding and the silicon-oxygen bonding. Examination of the silicon 
Kp peak from Nicalon appears to indicate that this material has some characteristics 
of both the other substances but that it is somewhat closer to the silicon carbide in 
position and shape. In addition, the satellite peak at -6.82A in the silica trace, 
which was not found in the silicon carbide example, was observed for the Nicalon, 
albeit much less intense. An indication of the area of the peak may be obtained 
from the full width at half maximum (FWHM). Table 3.7 shows that the FWHM is 
greater for the Nicalon, -0.028A , than either silicon carbide, 0 . 0 2 1  A , or silica, 
0.017 A .
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Figure 3.18 shows the carbon Ka  x-ray emission peaks from Nicalon, silicon 
carbide, glassy carbon and graphitic carbon. The shape of the Nicalon peak can be 
seen to be closest to that of the silicon carbide although it is somewhat broader.
The peak shape factor described earlier, was measured for each carbon-containing 
compound and the results are given in table 3.8. The value calculated for the 
Nicalon lay between that for silicon carbide and those for the other forms of carbon. 
The graphite gave a peak shape which depended on the sampling position, and in 
some areas it was broader on the shorter wavelength side. The narrow carbon Ka 
peak for graphite was closely similar to that recorded from glassy carbon.
The differences in the peak shape for the carbon Ka x-ray emissions were more 
clearly evident when the second order lines were investigated. Figure 3.19 shows 
the spectra for silicon carbide, graphite, glassy carbon and the Nicalon.
The oxygen x-ray peak, as measured on the LDE crystal, figure 3.20.a, showed no 
shape difference between Nicalon and silica. However, as figure 3.20.b shows, 
the utilization of the TAP crystal with its better wavelength resolution, reveals that 
the peak is broader for the Nicalon. These curves, again height normalized, were 
produced using a count time of 2 0  seconds to compensate for the low count 
efficiency of the TAP crystal.
The above measurements and observations indicate that the Nicalon is 
predominantly silicon carbide but that it contains some carbon which is not 
associated with silicon or oxygen. Furthermore, the shape of the silicon Kp peaks 
reveals that silicon-oxygen bonding and silicon-carbon bonding existed but that the 
oxygen was not in the form of silica. This leads to the conclusion that some ternary 
silicon-carbon-oxygen phase must be present, i.e. silicon oxycarbide.
Next, an estimate was made of the amounts present of these different phases in the 
Nicalon fibre. First it was assumed that the oxycarbide could be considered as an 
average of the stable carbide, SiC and the oxide, S i02, ie. Si2 C 04. Using the 
measured weight percentage of oxygen (-13.1%) and assuming all of this element 
was present in the ternary phase (48.5 wt% oxygen), the amount of Si2 C 0 4  was 
deduced to be -27 wt%. The remaining silicon (45 wt%) must therefore be in the 
form of silicon carbide. This contains 70 wt% silicon which indicates that this 
phase constitutes 64 wt% of the Nicalon. These calculations show that -10  wt% of 
free carbon is present. The results are summarized in table 3.9 and figure 3.21. 
Values for the batches of Nicalon, measured using the JXA 8600M ZAF 
correction, gave 30 wt% oxycarbide, 59 wt % silicon carbide, and 11 wt% free 
carbon for the first batch and 2 0  wt%, 6 8  wt% and 13 wt%, respectively, for the 
second. Figure 3.21 shows also these values converted to a volume percentage of 
compound.
Figure 3.22 shows the normalized carbon x-ray peaks for Nicalon and also a 
predicted peak produced by combining 9% of graphite and 91% of silicon carbide. 
The two curves are near identical with the calculated peak being slightly broader on 
the long wavelength side; peak shape factors were 8.7 eV for the Nicalon and 9.2 
eV for the calculated peak.
Surface analysis data from the Nicalon fibre, obtained using the JEOL 8600M 
EPMA with the electron probe at normal incidence are shown in figure 3.23.a. The 
idea was to compare the surface of a Nicalon fibre with the central region at 
differing accelerating voltages so that any oxygen enhancement at the surface, if 
present, might be detected. The fibre was aligned such that its length was in the
direction of the required detector in order to reduce any effect of surface 
topography of the fibre on the x-ray intensity. A similar experiment comparing the 
surface of the Nicalon and a silica standard is illustrated in figure 3.23.b. The plots 
of x-ray intensity ratio against accelerating voltage show an increase with decrease 
in keV in both cases, for the oxygen, which indicates a surface enhancement in 
oxygen but not necessarily in the form of a layer of silica since then the curve in 
figure 3.23.b would have tended toward unity as the accelerating voltage was 
reduced. Such an increase in oxygen was not uniform on the fibre surface nor was 
it found on all fibres. For flame desized fibres an enrichment was always recorded 
whereas acid desized fibres showed some areas without oxygen enrichment Figure
3 .2 3 .C  shows the data from quantitative EPMA for oxygen, silicon and carbon. A 
series of analysis points were taken across a fibre, in a composite; the section gave 
a high aspect ratio ellipse and showed a higher level of oxygen at the surface.
A TEM micrograph of a Nicalon fibre is shown in figure 3.24. The approximate 
size of the silicon carbide microcrystallites was ~5nm. The diffraction pattern, 
figure 3.24.b, corresponds to polycrystalline p-silicon carbide, a cubic phase with 
ao=4.358A. The SAD pattern showed also that there was an amount of amorphous 
material within the fibre. EDS analysis of the fibre confirmed the presence of 
silicon, carbon and oxygen, whether the beam was positioned on the central area 
of a fibre or the surface region. Figure 3.24.d shows an EDS trace from a surface 
region taken from the uninfiltrated fibre region so as to minimize any effect from 
the matrix. It was observed that there was an increase in the concentration of the 
oxygen peak when compared with EDS analysis of the centre of the fibre, figure
3 .2 4 .C .
Figure 3.25.a shows the glass weft fibres, ~5 |im diameter, which were woven
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about the Nicalon tows. The spacing of the weft was ~4 mm and the total volume 
fraction of the weft was 0 .0 2 .  Figure 3 .2 5 .b ,  EDS data of the weft fibres, showed 
that they contained aluminium, silicon, calcium, oxygen and magnesium, 
confirming them to be a glass. Figure 3 .2 5 .C , a diffraction pattern from the weft, 
shows it to be amorphous.
Two types of porosity were found in the composite. The first type was observed 
where fibres were in close contact, figure 3.26, and may be classified into thnee- 
and four-fibre pores. The number of each of these pores was counted from a 
polished section. Based upon a fibre diameter of 15pm, the cross-sectional area of 
an individual pore of each type was calculated as 9pm 2  and 48pm2 respectively. A 
porosity of 0 .1 2 % was then deduced, although this is an over estimate since it 
assumes that the pores are continuous along the length of the composite sheet. 
Attempts to determine an average pore length were not possible due to the difficulty 
of producing a longitudinal section prepared which bisected the pores at their mid 
point. In addition there was not always infiltration between pairs of fibres which 
were in contact
The second type of porosity was observed only in the thicker sheets and occurred in 
inter-tow regions in the centre of the sheet. Figure 3.27 shows an area where there 
was no infiltration, the large rounded features were matrix material which had 
squeezed through the fibres and solidified prior to infiltration.
The darker constituent in figure 3.11, marked (S) was identified with EDS as pure 
silicon. After selective removal of the aluminium matrix by chemical etching, it 
was seen, figure 3.28, that the silicon was in the form of interlocking branches and 
not the eutectic morphology characteristic of un-reinforced alloy. Where the silicon
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contacted the fibres its morphology was spheroidized, whilst the remainder of the 
particle away from the fibre was coarse. Bridging between fibres and fibre tows 
was common, forming three-dimensional networks in contact with the Nicalon and 
weft fibres. The exact morphology of the silicon varied from sheet to sheet, sheet 
500 showing much coarser silicon than the majority of the composite materials.
Figure 3.29 is a TEM of a thin section containing a second phase which EDS 
confirmed was pure silicon. Selected area diffraction of this phase showed that the 
silicon was extensively twinned. Frequently a silicon particle formed a bridge 
between two fibres. Figure 3.30 shows a common feature, the fracture of a silicon 
phase, probably produced during TEM sample preparation. EDS analysis of the 
point where the crack meets the aluminium matrix reveals the presence of a phase 
containing iron, silicon and aluminium. The crack extended into the aluminium 
but was soon arrested. Dislocation networks were often observed in the aluminium 
surrounding the fractured silicon particle, figure 3.31. The micrograph shows a 
silicon particle which has separated from the fibre, the adjacent aluminium 
remaining bonded to the fibre.
Earlier it was shown that iron-containing intermetallics were present in the 
unreinforced matrix alloy, despite the small concentration of iron impurity, -0.13%. 
Chemical analysis of plates of N357 composite showed an even higher iron content 
of 0.5% overall corresponding to a matrix content of 1.16%. This produced an 
increase in the number of intermetallic particles, marked (D) in figure 3.11. They 
were similar in composition to those found in the unreinforced alloy; quantitative 
analysis results for these phases are given in table 3.10, with 14.7 ±1.3  wt% silicon
and 24.4 ±  2.4 wt% iron. The FeSi2 Al4  intermetallic was not, however, observed 
in the composite.
In sheets of N357 produced in early production runs, chromium and nickel were 
found in some intermetallic particles. The chromium-containing intermetallics 
were not acicular, see figure 3.32.a, and the relevant EDS trace is given in figure 
3.32.b. There was between 3.3 and 5.4 wt% chromium and the iron and silicon 
contents were -20  wt% and -10 wt% respectively. Wet chemical analysis gave the 
total percentage of chromium in the matrix as 0.02%, table 3.1. Figure 3.33, a 
WDS x-ray map of an area which includes a chromium-containing intermetallic, 
shows the presence of x-rays from different elements above a given set level. The 
chromium-containing intermetallic is close to several FeSiAl5  intermetallics but this 
was not always the case; figure 3.34 shows an example where a chromium- 
containing intermetallic is separate from the FeSiAl5  type. The nickel-containing 
intermetallics, such as that marked N in figure 3.35, were invariably observed in 
contact with a FeSiAl5  intermetallic. This latter figure shows also a large 
intermetallic of the FeSiAl5  type sectioned at low angle to reveal its plate-like 
morphology.
The quantity of intermetallic phase varied from sheet to sheet for the N357 
composite but phases containing chromium or nickel were found only in a few 
sheets. Figure 3.36 shows micrographs for different sheets produced at different 
times throughout the period of study. Composites from more recent production 
runs contained fewer and smaller intermetallic particles and none contained 
chromium.
Examination by optical and scanning electron microscopy, such as figure 3.11,
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revealed no interfacial chemical interaction between fibre and matrix, merely the 
segregation of silicon and the presence of some intermetallic particles. However, a 
more detailed study using WDS in the JXA 8600M showed a detectable segregation 
of magnesium to the Nicalon fibres, figure 3.34 and figure 3.35. This was not 
revealed by EDS analysis in the SEM because of the close proximity of magnesium 
to the aluminium x-ray peak. The magnesium could not be precisely located using 
the WDS because of the size of the x-ray generation zone (l|im 3) and the pixel size 
of the x-ray map (ljim 2). Thus the magnesium may have been present as a diffused 
layer on or at the fibre surface or as discrete particles. Figure 3.37 shows (a) line 
analysis and (b) stepped quantitative analysis, where the concentration of 
magnesium was about 0 .2 wt% but not all sheets showed such segregation.
Generally the segregation was detectable in those sheets which were known to have 
a higher magnesium content, see table 3.1. Further information was therefore 
sought utilizing the improved spatial resolution available in the analytical TEM.
EDS in the TEM revealed an interface layer of magnesium at all fibres in sheets 
where segregation occurred. A SAD pattern from a region containing the 
magnesium, showed a ring pattern typical of the p-SiC, indicating that the 
magnesium had actually entered the fibre. Where the fibre was in contact with a 
silicon particle, figure 3.38, or an intermetallic, figure 3.39, the penetration of the 
magnesium was difficult to detect. The depth of magnesium penetration in the 
Nicalon fibre ranged from ~2 0 0 nm where the aluminium was in contact to <40nm 
where silicon or an intermetallic contacted the fibre. A small amount of aluminium 
was also found in these fibre surface regions, which was considered a genuine 
effect since the bulk fibre showed no aluminium x-rays. Figure 3.40, shows an 
area where limited or no reaction has occurred and although a magnesium peak 
could be observed, the depth of penetration could not be measured. No apparent
65
reaction was observed between the silicon and the intermetallic.
It was not possible to make generalisations about the interface between the Nicalon 
and the aluminium since in the same composite sheet the interface was found to 
differ considerably. Sometimes a reaction product was detected at the interface; in 
other cases an interface with little or no reaction was present, and on a number of 
occasions discrete particles were located at the fibre surface with no obvious sign of 
chemical reaction.
Figure 3.41.a shows an interface where a reaction product was formed. This first 
phase varied in size and shape and figure 3.4l.b shows a second example where this 
interphase was of a more bulky form. EDS analysis, figure 3.4l.c, showed x-ray 
peaks for aluminium and oxygen. A SAD pattern of a region containing the 
interphase is shown in figure 3.4l.d, giving a discontinuous ring pattern indicative 
of a polycrystalline cubic phase with ao=0.79nm. Together with the EDS data this 
confirms the presence of alumina.
Figure 3.42.a shows an interface structure which contains needle-like crystals 
which extend into the aluminium matrix for a distance up to about 250nm.
Analysis of the microdiffraction pattern, figure 3 .4 2 .C , shows that these phases are 
aluminium carbide, A14 C3, a rhombohedral structure with a0 =0.334nm and 
c/a=7.49. At higher magnification the lattice planes of the carbide may be imaged, 
figure 3.42.d, the basal planes of the carbide being aligned along the crystal length. 
The carbide needles were associated at various angles to the fibre but they occurred 
on fewer fibres than the alumina phases and rarely in combination with one another, 
see figure 3.43. A dark field image produced from the [0001] plane of the 
aluminium carbide crystal, figure 3.42.b, shows some carbide formation within the
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outer 1 0 0 -2 0 0 nm of the fibre.
The type of phase which appeared to show no reaction with the fibre is illustrated in 
figure 3.44. They varied in shape and size and the bulky phase, marked A, 
contains, aluminium, magnesium, oxygen and a small amount of silicon; the 
silicon content varied from negligible, figure 3.44.C, to significant, figure 3.44.d. 
SAD of these phases, figure 3.44.b, would suggest that they are spinels of the type 
MgAl2 0 4, a cubic lattice with aQ = 0.808nm. With the higher silicon levels, the 
crystal structure tended to depart from that of the spinel. Sometimes the phases 
existed close to but not on the fibre surface, figure 3.45; the large needle-like phase 
in this figure is aluminium oxide.
A second type of discrete phase is illustrated in figure 3.46.a. The diffraction 
pattern, figure 3.46.b, shows an amoiphous structure and EDS, figure 3.46.C, 
reveals that the phase contains aluminium, silicon, calcium, oxygen and 
magnesium. Some particles were found in the matrix close to the Nicalon which 
had a fibrous appearance, figure 3.47.a. These also contain aluminium, silicon, 
calcium, magnesium and oxygen, figure 3.47.b. Both phases appeared to be 
associated with fracture at the matrix/Nicalon interface although they had no 
observed interaction with the Nicalon. Their distribution was random, although in 
some cases as shown in figure 3.48 they were trapped in the space between two 
fibres, inhibiting the infiltration of fibres.
A phase with a similar composition to that in figure 3.46 occurred at the fibre 
surface as a very fine layer, typically 10-50 nm thick. Figure 3.49 gives an example 
of such a phase at the interface between a silicon particle and the fibre. EDS of the 
region showed x-ray emission from the fibre and the matrix constituent together
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with calcium and magnesium. Again these phases are often found to be partially 
fractured.
Figure 3.50 shows the interface in a heat-treated N357 composite. The interface 
product was more extensive, its thickness being typically ~300nm and generally 
surrounding the whole fibre. It was mainly aluminium carbide with small amounts 
of alumina. The magnesium penetration was still observed but was no more 
extensive than in the as-cast composite. The silicon in the heat-treated composite 
showed a similar spatial distribution to that observed in the as-cast specimens with 
segregation and bridging of fibres but there was less twinning. In addition in the 
heat treated composite the reaction product was sometimes observed between the 
fibre and the silicon phase suggesting a regrowth process, figure 3.51.
Figure 3.52 shows a DSC thermogram for the composite in the solution-treated 
state. Endothermic peaks at 570°C and 590°C, as seen in the unreinforced alloy, 
were again present but no peak at 230°C was observed. In some specimens a 
double exothermic peak at 360°C was found, figure 3.53. Similar tests carried out 
on Nicalon fibres from the bobbin gave a thermogram, figure 3.54, with a similar 
double peak.
3.1.4. Nicalon-1000 Composite.
Figure 3.55 is an SEM micrograph of the NIOOw composite and shows that in 
addition to the Nicalon fibres a number of carbon fibres were present. These were 
in the 0 1  orientation and they were randomly positioned through the composite 
between the plies of woven Nicalon. The volume fraction of the Nicalon was 
~0.44. The carbon had a low volume fraction, below 8 %..
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Figure 3.56.a,b shows a metallographic section of the NIOOf composite. Second 
phases are clearly revealed and EDS showed them to contain aluminium and iron 
away from the fibres, figure 3.56.C, and aluminium, iron and silicon close to the 
fibres, figure 3.56.d. Quantitative analysis of the phases yielded the results given 
in table 3.11. The range of compositions found suggested that the composition of 
these intermetallics range from FeAl3  to FeAlg, the silicon level reaching only ~2 
wt%. The SAD pattern taken in the TEM, figure 3.56.e, corresponds to FeAl3, 
with ao=6.743nm, b=1.545nm and c=0.807nm. The intermetallics were often 
observed at the fibres, with bridging only when fibres were close together. Figure 
3.57 shows the deep-etched composite with the intermetallics on the fibre surface.
Porosity was a common feature of N100 composites, although the infiltration of 
NIOOf appeared greater than that of NIOOw. In figure 3.58 a large area 
(~1500mm2) of the preform was not infiltrated. This was a problem with two out of 
the three NIOOw composites provided, which meant that only one sheet could be 
used for subsequent characterization. In the case of the NIOOf sheet the infiltration 
was generally fairly good.
The NIOOf composite showed a more even distribution of fibres with less high- 
density regions of fibre. The reinforcement was well aligned in the longitudinal 
orientation, and a single layer of woven Nicalon was present on one surface of the 
sheet. This layer had been added to restrict the movement of the preform during 
infiltration. The overall volume fraction of the fibres was approximately 0.43.
Figure 3.59 shows the interface in the N100 composite. Carbide needles were 
found to be present and were similar in morphology to those found in the N357
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composite but fewer in number and not as large. Where they were present they 
were found in isolated groups which were densely packed. Only -10% of the fibres 
showed any reaction and rarely did it surround completely a particular fibre.
In the specimens investigated no alumina was found at the interface of the 
aluminium and the Nicalon. Where intermetallics were present on the fibre it was 
common to find that the carbides were still present and of a similar size to those at 
the aluminium/fibre interface, figure 3.60.
3.1.5. Alumina/Borsic-357 Alloy Composite
Three distinct regions were present in this composite, figure 3.61, one reinforced 
with FP alumina, one reinforced with Borsic and a reinforcement-free layer.
These regions have fairly consistent proportions and the thickness percentages are 
-4 6 % , -1.5% and 52.5% respectively.
Figure 3.62 shows a polished section of a layer containing FP alumina. The 
diameter of the alumina fibres varied very little, the measured distribution, figure 
3.63, giving 20 pm ± 8 %; this compares with 20 pm ±5%  quoted by the 
manufacturer. The SAD, figure 3.64 gave the incomplete ring pattern characteristic 
of polycrystalline a-alumina with ao = 0.476 nm and c = 1.299nm. The infiltration 
of this region was complete and the fibre/fibre contact much lower than the Nicalon 
composite. Locally the alumina volume fraction was approximately 0.38, which 
equates to an overall volume fraction of -0.17.
The Borsic fibres were in a nominal ply containing a monolayer of filaments, 
figure 3.61. The diameter of the Borsic was ~142pm, but a size distribution is not
given since too few fibres were present to provide a meaningful analysis.
Throughout the composite many "second" phases are present. These were silicon 
particles, intermetallics and impurity inclusions. The distribution of the silicon 
was similar to that for the Nicalon-alloy composite, with coarse particles close to 
the fibres. However, deep etching, figure 3.65 reveals that the presence of the 
networks of silicon is less extensive. A network of silicon and fibres still existed 
but only when the fibres are closely packed.
Figure 3.66 shows that the intermetallics are larger and more numerous than in the 
N357 composite; they were confirmed as FeSiAl5, table 3.12. These were the only 
intermetallics found in this composite and were the predominant matrix bridging 
phase between fibres.
Figure 3.67.a is an x-ray map of the alumina region with intermetallic (pink) and 
silicon (blue) bridges evident. Little or no magnesium segregation is found, 
although the x-ray map, figure 3.67.b, shows a small but uniform level in the 
matrix. EDS in the TEM, figure 3.68, did find a very slight increase in the 
magnesium at the aluminium/alumina interface compared with the matrix level.
The third matrix constituent was the irregular phase marked X in figure 3.62; such 
phases varied in size from ~l|im  to ~4mm. The composition also varied 
considerably, the major element present being iron although carbon was also 
common. Figure 3.69 shows a deep-etched structure in the FP alumina region with 
an inclusion. EDS of this phase shows the presence of iron, silicon, carbon with 
traces of other elements.
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Figure 3 .7 0 .a  shows an area containing Borsic fibres. An x-ray map of this region, 
figure 3 .7 0 .b ,  in addition to the matrix phase distribution shows silicon x-rays from 
the silicon carbide coating on the fibres. There are a large number of silicon- and 
magnesium-containing phases, shown yellow in the x-ray map which in some cases 
contained aluminium, iron and carbon. The same figure shows the titanium weft 
(blue), boron fibres (green) on the tungsten core (red). The aluminium is not 
shown in these figures but forms the remainder of the matrix, deep etching of the 
specimen reveals that the titanium weft is in the form of a strip 2 0  |im thick and 1 0 0  
pm wide, figure 3 .7 0 .C .
Figure 3.71 is a DSC thermograph of the solution-treated F357 composite. This 
was taken from the alumina region and shows that the area of the endothermic peak, 
corresponding to the iron-rich intermetallics, is greater than that for the N357 
composite. This is indicative of the greater quantity of iron-rich intermetallics 
which were present.
3.2. Mechanical Properties.
3.2.1. Unreinforced 357 Alloy
The stress response to applied tensile strain is shown in figure 3.72. Since the strain 
gauges used had a maximum capability of ~2 %, the strain at which the material 
fractured was estimated from the chart recording. The results are given as 
engineering stress against measured strain.
The 357 alloy was found to yield at a stress of 38MPa and a strain of 0.06%. 
Fracture occurred at 64.6 ± 5.2MPa and 3.2%. The elastic (initial straight line)
modulus, as estimated from the slope of the stress/strain curve, was 62GPa.
The stress verses strain relationship for the peak-aged material, figure 3.72 showed 
higher yield stress and failure stress than the as-received material, 8 6 MPa and 124 
± 8 MPa respectively, but the strain to failure was less, at a value of 1.05 ± 0.03%. 
The modulus was the same as for the as-cast alloy, approximately 60 GPa. The 
results are summarized in table 3.13
Figure 3.73. shows the ageing response of the 357 alloy. The microhardness is seen 
to increase to a maximum of 140 ± 7Hv after 10 hours heat treatment at 160°C.
This may be compared with the as-received hardness of the alloy of 84 ± 5 Hv.
3.2.2. Aluminium 1000
The aluminium was tested only in the as-cast condition since it showed no ageing 
response. Figure 3.74, a typical stress versus strain curve under tensile loading, 
shows a low yield point at 28MPa and 0.02%. The specimen underwent 
considerable necking during deformation and gave a fracture strength of 52MPa ± 
13MPa The elastic modulus calculated from the initial linear section of the curve, 
was 6 8  ± 2MPa.
3.2.3 Nicalon-357 Composites.
Typical tensile stress versus strain curves for the specimens with fibres in 
longitudinal and transverse directions are given in figure 3.75.a. The failure point 
was found to be 132 ± 21MPa and 0.11 ± 0.02% for the longitudinal specimens and 
54 ±  14 MPa at 0.10 ± 0.03 % for the transverse orientation, table 3.14. Figure 
3.75.b summarises the strength data for all N357 specimens tested, in the form of a 
histogram. The modulus calculated from the linear section of the curve was 
~120GPa.
Acoustic emission events occurring within the composite during straining are 
shown, for the N357 composite stressed in the longitudinal fibre orientation, in 
figure 3.76 . There was little increase in the event rate with increasing strain and 
the number of events to failure was low. Figure 3.77 shows a typical example for 
the transverse orientation. Here there was a more steady build up of events until 
failure was reached.
Figure 3.78 is a scanning electron micrograph taken from the fracture surface of a 
longitudinal specimen. The surface is characterised by large flat areas where the 
fibres had failed on the same plane and the glass weft is also visible. Figure 3.79 
taken at higher magnification, confirms the absence of fibre pull out, although 
some debonding of plastically deformed aluminium from the fibres is observed, P. 
The aluminium suffered necking in all areas during failure. The feature marked D 
in figure 3.79 contains iron, silicon and aluminium indicating it was an 
intermetallic particle. These were common features on the fracture surface and 
figure 3.80 shows a back-scattered image of such an area. The lighter phase is the 
intermetallic and fracture of this phase passed through several fibres and was noted
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to lie in a plane near to perpendicular to the loading direction (fibre length). Small 
fragments of material found to be silicon were located on the surface.
Figure 3.81 illustrates a fracture surface where the glass weft, G, is a prominent 
feature. There was a tendency for the fracture to pass through the weft fibres, an 
effect which led to the removal of infiltrated bundles from the fracture surface, 
bundles of Nicalon fibres also being found to be removed from the fracture surface. 
Both of these usually were held to the surface by a ligament of matrix material.
The fibre fracture was brittle in nature, each tow appearing to fail at the same 
point This was especially true in densely-packed regions but in the less densely 
packed regions and at the periphery of the tows the fracture sometimes passed onto 
another plane. This resulted in the stepped surface of some of the specimens.
Figure 3.82 shows a fracture surface from a tensile test with the fibres in the 
transverse orientation. There is a mixture of fibre splitting and debonding, the 
majority being the former. The debonding results in some retained matrix material. 
For the splitting, figure 3.83, the fibre fracture surface is very smooth as would be 
expected from a brittle material. The Nicalon fibres were often found to fail 
perpendicular to their length, figure 3.83. In some cases there appeared to be a 
combination of splitting and perpendicular failure, figure 3.84. Fractured 
intermetallic particles were again common, although not as large as in the 
longitudinal orientation. They were often found where a fibre bundle was removed 
from the surface or a fibre had split, figure 3.85. Small fragments of silicon are 
found all over the surface either attached to it or as debris on the surface. The weft 
fibres were parallel to the stressing direction and figure 3.86 shows that the 
interface had debonded at the edge of the wefts. The glass surface was damaged in 
most areas and showed little evidence of retained matrix material. Figure 3.87
shows a region where infiltration was poor. This was close to the sheet surface and 
shows the melt front solidified prior to infiltration.
Depending on the dimensions of the flexural test bar the fracture strength of 
specimens was higher than that for longitudinally-orientated specimens tested in 
tension, 340 ± 20 MPa (geometry C) and 232 ± 19 MPa. The notable exception is 
geometry B (see figure 2.4) where the failure stress is 116 ± 23MPa. The failure 
stress for the four point bend specimens was calculated using a geometric 
relationship which had the following form:
where S is the stress in the outer "fibre" of the beam, F is the load, L  the outer 
support span, b the beam width and d  the beam depth, see figure 2.4. The standard 
(ASTM D790) suggests the use of a correction factor when the span to depth ratio 
was less than 16:1. Equation 3.1. becomes:
This relationship was applied to the dimensions for geometries A, B and C but the 
change in the strength only increased the strength for geometry B by ~2% and did 
not affect either the strength for A or C. ASTM D790 also gives a relationship for 




S  = P.L.(l +(4.70.D2/L2 U7.04.D.d!I?)) .equation 32 .
inner span ratio of 3:1. The maximum strain is given by the equation:
e -  47Q.D.d  equation 33 .
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where D is the deflection of the test machine cross-head. Strains were recorded 
from the tensile surfaces using strain gauges.
For geometry C it was possible to have the glass weft either in-the-plane or 
through-the-plane of the test specimen, figure 3.88. These bars were used to 
deduce the possible effect of the glass weft on the fracture behaviour of the 
composite. Four-point bend geometry was utilized because the dimensions of the 
sheet would not allow tensile test specimens to be prepared with the different weft 
orientations. The results are given in table 3.14. The in-plane-weft specimens 
showed a lower failure stress than those with the through-plane orientated weft,
305 ± 29 MPa compared with 358 ± 8  MPa.
The fracture surface of specimens tested in flexure differed from that tested in 
tension. Figure 3.90 shows that there was a considerable amount of "stepping" of 
the fracture plane. Closer examination revealed that this was associated with the 
glass weft material. Figure 3.91 shows that Nicalon tended to fragment and 
debonding of the matrix from fibres was also common. Although the debonding 
resulted in retained material on the fibre surface, this was found to be any of the 
matrix constituents.
Figure 3.92 shows a region with a "spiky" phase on the fibre surface. It is not clear 
what this phase is but EDS suggested that it may have contained magnesium and
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aluminium. The infiltration in this area would appear to be poor or a large amount 
of matrix material had been removed.
Figure 3.93 shows a section through the fracture surface with the crack running 
from top to bottom. The brittle fracture of the fibre tows is evident and there is no 
fibre pull out. Examination of the matrix region, in the case of figure 3.94 an x-ray 
map of the same area, shows that silicon and intermetallics had failed and are 
present on the fracture surface. The fracture path followed these phases. Figure 
3.95 shows a region of the same bar but away from the main crack front; the 
Nicalon tows have failed and the fracture passed through the glass weft. The same 
figure contains another feature; this was the matrix voiding at fractured second 
phases in the matrix. The path of the fracture, both the secondary cracking and the 
main fracture, is often altered by the weft; figure 3.96 is an example of the main 
fracture path deviating and diverging at a weft.
The fracture surface of the flexural test with fibres in the transverse orientation is 
given in figure 3.97; these surfaces were very similar to those of the tensile tests. 
The fibres failed predominating by splitting. Much of the splitting was associated 
with intermetallics; figure 3.98 shows an intermetallic which is attached to a split 
fibre. The second phases caused the fracture of the fibres perpendicular to their 
length, figure 3.99 showing an area with fragmentation. Figure 3.100 shows a 
feature not noticed in the tensile tests; this is the apparent "skinning" of the fibre. 
The fracture had passed through the outer layer of the fibre; the same micrograph 
shows fibre failure perpendicular to its length which is associated with bridging 
silicon phases. The silicon had become debonded from the fibre and had fractured. 
The areas of the fibre which have not peeled are covered with a small needle like 
phase; these phases were too small to allow EDS analysis. However, another area,
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figure 3.101 showed this skinning effect; the phases which were present here 
contained aluminium, oxygen and magnesium; some carbon and silicon was 
detected as well but was thought to come from the fibre. Figure 3.102 shows an 
area where there was not complete infiltration, the fibres have a clean surface. The 
centre of this micrograph shows the presence of several iron rich phases, D; again 
these were associated with the fracture of the fibres.
The tensile stress versus strain curve after heat treatment is shown in figure 3.103. 
The fracture stress is now only 70 ± 9 MPa in the longitudinal fibre orientation and 
~25MPa in the transverse fibre orientation, only a small number of these test results 
are available . The strain to failure for the heat treated specimens is similar to that 
of the as provided specimens, 0.09%.
In flexure the strength was lower after heat treatment; the bar geometry used was 
type C measured only for the longitudinal fibre orientation. The strength obtained 
was 119 ± 12 MPa with a strain to failure of -0.14%. No difference in the fracture 
surface after heat treatment was noted.
The shear tests used proved to be unsuccessful for providing a value of the shear 
strength of the composite. The majority of the failure was localized to the region at 
the cut notches. In only a single case did failure occur in shear. The calculated 
results are given in table 3.15, shear failure gave an interlaminar shear strength 
~16MPa. The values quoted for the specimens that did not fail by shear can be 
considered to be below the actual shear strength.
Examination of the shear failure showed a mixture of Nicalon and weft fibres on 
the fracture surface, figure 3.104. This shows much fracture of the Nicalon; this
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was often associated with matrix or interphases, figure 3.105 shows a fibre where a 
number of phases containing aluminium, magnesium and oxygen were present In 
some regions the fibres had no apparent matrix material on their surface, figure 
3.106, this indicated that these were regions which had not been infiltrated.
Figure 3.107 is the age-response of the aluminium in the N357 composite and no 
change in hardness was observed. The microhardness of the a-aluminium dendrites 
was found to remain at 36 ± 4Hv in each sheet.
3.2.4. Pure Aluminium Composites
The woven fibre composite, NIOOw, gave the stress strain curves in figure 3.108 
for the two orientations used and tested in tension. The failure stress in the 01 
direction is 130 ± 12 MPa and 83 ± 8  MPa in the 02 direction. The failure strains 
were 0.19 ± 0.01% and 0.23 ± 0.01% respectively.
For the filament-wound specimens, NIOOf, there was a distinct change in the 
strength with orientation. The longitudinal strength is 149 ± 22 MPa and the 
transverse strength depended on whether the specimen was cut with or without the 
woven layer. The strength without the layer was ~20MPa and with the layer was 
~90MPa. Stress versus strain curves are given in figure 3.109, and show yielding 
at low strains. The yield point is approximately 60 MPa and 0.02% for the 
longitudinal orientation and 30 MPa and 0.02% for the transverse. The transverse 
stress strain relationship, without the woven layer, is seen to be very similar to that 
observed in unreinforced aluminium, whereas the stress/strain relationship with the 
woven layer shows an improved strength. The results are summarized in table 3.13.
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Figure 3.110 shows a typical example of the acoustic emission monitoring during 
straining for pure aluminium composite this shows a larger number of events prior 
to the final failure than the N357 composite, the event rate increased progressively.
The filament wound composite showed a less brittle failure than the alloy 
composite. Figure 3.111 shows a typical well infiltrated area with brittle fibre 
fracture and ductile matrix aluminium. When infiltration was poor, as in figure 
3.112, the fracture still showed no pull-out of fibres. The feature near the centre of 
figure 3.112 shows the presence of aluminium and is thought to be a solidified melt 
front. The fibres were often split or fractured into segments ranging from 5 to 25 
|im in length, figure 3.113.
The fracture surface of a specimen with fibres in the transverse orientation, tested 
in tension, is shown in figure 3.114. This shows clumps of infiltrated fibres partly 
removed from the surface, K, split fibres, J, and retained matrix phases. Figure 
3.115 shows fibre failure perpendicular to the length; this was associated with the 
phases marked with arrows and these were found to be iron-aluminium 
intermetallics, the retained material on the fibre surface was shown to be 
aluminium and the small bright fragments silicon.
When tested in flexure the strength of the NIOOf composite was 176 ± 1 IMPa in 
the longitudinal orientation and 118 ± 16MPa in the transverse; geometry C was 
only used. The failure strains were 0.3 % and 0.79% respectively. Figure 3.116 
shows the stress versus strain relationship for typical specimens.
The fracture surface of the bar with longitudinal fibres, figure 3.117, shows the 
consequence of a region without infiltration, there was a large area in the centre of
81
the bar which has fibre lengths of the order of 3mm exposed. This was not pull-out 
as the fibres were not infiltrated with matrix material. Much of the fracture surface 
shows, figure 3.118, fibre fracture perpendicular to their length. This is combined 
with the separation of matrix and fibre and the plastic deformation of the aluminium 
constituent Well infiltrated regions show the brittle surface similar to the N357 
composite.
In the bars which had a transverse fibre orientation the fracture was a combination 
of debonding and large regions which had no matrix, figure 3.119, the retained 
surface phase was invariably aluminium.
Table 3.15 indicates that the shear strength of the NIOOf composite was greater than 
that of the N357 material, the values being ~43MPa and ~16MPa respectively. The 
fracture surface for the shear geometry, figure 3.120 shows that the predominant 
failure was by fracture of the fibres. This was true unless the composite was not 
fully infiltrated when there was no load bearing ability, this is shown in figure
3.121.
3.2.5 Alumina-Borsic composite.
These specimens were tested in flexure only, with a span (inner to outer) ratio 
which was not 1:3, and equation 3.1 now becomes the following relationship:
lEh
b.d?
Where /; is the distance from the outer to inner loading point. Testing was carried
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out with the Borsic fibres in the 90° orientation in relation to the bar length, see 
figure 3.122. Heat treatment effects were also studied, the thermal history applied 
was the same as that described in section 2 .2 .
The results are given in table 3.16 and show only a very slight change in the 
strength with heat treatment. The value for the as provided composite was 202 ± 26 
MPa and the aged composite 215 ± 30 MPa.
The fracture surface of the composite is shown in figure 3.123. The alumina region 
with the fibres aligned in the length of the bar was characterised by a flat fracture 
with a large number of iron containing phases evident; figure 3.124 shows an 
example where the intermetallics, marked D, were shattered. Fibre fracture itself 
shows the polycrystalline nature of the fibres. Where the alumina was 
perpendicular to the length of the bar debonding of the fibres and matrix was the 
usual form of failure, some fibre splitting is noted and usually associated with the 
presence of a second phase either silicon or more often an iron intermetallic. Figure 
3.125 shows a transverse fibre region (alumina) where an intermetallic is seen to 
contact the fibre at a position where failure of the fibre perpendicular to its length 
had occurred, i.e. the fracture path has changed to pass through the fibre at the 
intermetallic; this is marked with the arrow.
The fracture in the Borsic area is shown in figure 3.126 this is for a longitudinal 
orientation and shows the observed stepped fracture. This was associated with the 
titanium weft, T. Figure 3.126 also shows that the Borsic fibres usually split along 
their length, S, the failure passing through the tungsten core. Transverse Borsic 
failure such as that shown in figure 3.123 was observed to be by fibre splitting.
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The microhardness of the aluminium dendrites in the F357 composite achieved a 
maximum after approximately 6  hours and increased from the as-cast hardness of 
65 ± 3 Hv to 95 ± lHv. The curve is shown in figure 3.127 with that for the 
unreinforced alloy. Although the peak occurs earlier than the parent alloy the 
maximum hardness achieved was lower.
The applicability to MMCs of dynamic modulus testing was investigated. The 
basic arrangement for the measurement of the material's dynamic response is shown 
in figure 3.128 The technique based on the method set out in ASTM 747151 was 
utilized for the F357 composite only. A standing wave is produced in the material, 
by striking the specimen, the mode of oscillation will depend on the strike position 
and direction. The resulting oscillation will have a resonance frequency which is 
measured experimentally. The frequency depends on the material properties, 
density and stiffness. The frequency was calculated from the oscilloscope output 
via a pick-up stylus placed at one end of the specimen; using the following 
relationship the dynamic modulus, Edyn, was calculated:
Edyn = Ag.M.filw
where AR is a quantity dependent on the thickness to length ratio tabulated in 
ASTM 747, M  is the mass of the bar, / th e  frequency measured and w the width of 
the bar.
The technique is non-destructive and the test bars used were those which were cut 
for the flexural tests. Testing was performed in the geometry described in figure
3.122. The dynamic modulus measured for the as received F357 given in table 3.16 
show little difference between each heat treatment condition and with the
positioning of the test bar and the calculated value typically was found to be ~ 1 0 0  
GPa.
3.3. Single Fibre Tests.
The strength of the Nicalon fibres from each environment, are given in table 3.17 
and figure 3.129 these show a clear trend in the strength of the Nicalon fibres. The 
fibres in the as received condition gave the highest strength of 1513 ±  473 MPa, 
after the acid etch. Furthermore the strength of the as received fibres did not differ 
appreciably from this value either without the etch (1560 ±  536 MPa) or after a heat 
treatment at 540*C for 16 hours (1511 ± 523 MPa). The strength measured then 
depends on the environment from which they were extracted. Production of a 
preform reduces the observed strength to 1084 ± 395 MPa and incorporation into a 
composite further reduces the strength, those for fibres extracted from the N 1 0 0  
and N357 composite being 742 ± 299 MPa and 420 ± 174 MPa respectively. After 
exposure to a heat treatment of 540°C for 16 hours followed by 10 hours at 160*C, 
the strength of fibres extracted from the N357 composite was 279 ± 121 MPa. This 
final population of fibre strengths is thought to have a higher mean than is actually 
correct, this is due to the lower strength fibres having failed during mounting.
The fibres from each environment above were investigated in the SEM. Figure 
3.130 shows the fibres as they were received, with the polymeric size easily 
visible on the surface. After desizing, either thermally or chemically, the fibres 
were found to have a clean surface, figure 3.131. A small number of surface flaws 
were found in some of the fibres but generally no obvious defects were present.
The fibres extracted from the composites show a number of surface features.
Figure 3.132.a shows a fibre which has a silicon containing phase on the surface,
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S, fibres were found that had a large number of phases on the surface, figure
3.132.b. In certain cases such as figure 3.132.c there was some evidence of an 
interfacial reaction. Much of the material retained on the surface is the result of 
incomplete dissolution of the matrix, it is thought that this gave a more accurate 
measure of the fibre strength. Many of the matrix phases which may have had an 
effect on the fibre strength in the composite were still present.
3.4. Fibre/Matrix Interfacial Shear Tests.
The fibre interfacial shear strength for the N357 composite, as calculated from 
some 50 indents, was 58 ± 41 MPa. After heat treatment of the composite for 10 
hours at 160°C, it fell to 37 ± 24 MPa. The figure calculated for the N100 
composite was 12 ± 5 MPa. A noticeable feature of these tests was the amount of 
variation in the results. Using Student t-tests at a 95% confidence a difference was 
found between the N357, N357 after heat treatment and the N100. The results 
showed that interfacial shear strength (t) for the N357 is greater than that for the 
heat treated N357 (N357ht) composite and greater also than the aluminium based 
composite (N100). If a 99% confidence limit is used there is no statistical 
difference between x (N357) and x (N357HT), whilst there was still a difference 
between the N357 and N100 values.
The values of x calculated are given in table 3.18. It should be noted that these 
values are produced with knowledge that additional factors require consideration. 
These would include the amount of plastic deformation of the matrix local to the 
fibre and the effect of any sub-surface features, such as fibre breaks and matrix 
second phases.
The majority of the indents were made in isolated fibres, i.e. ones which were 
surrounded by sufficient matrix material to allow production of a clearly defined 
matrix indent. In addition some measurements were made on fibres in tows and in 
contact with other fibres, to give the values of the interfacial shear stress of 1 0  ± 8  
MPa.
Figure 3.133 shows a scanning electron micrographs of typical indents. The 
deformation of the matrix is clear and in some examples fibre fracture was evident. 
Less fibre fracture has occurred in the N100 composite. Figure 3.133.b shows 
catastrophic failure of a fibre during indentation. The deformation of the matrix 
was common, with second phases often being found attached to the fibre, figure
3.133.C. In some cases the attached phase was found to have fractured and the 
crack to have continued into the surrounding brittle phases.
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CHAPTER 4. DISCUSSION.
4.1. Effect of Fabrication Route on Microstructure of the Composite.
The detailed microstructural investigations in the present study provide essential data 
which can be used to elucidate the characteristics of preform infiltration and the 
subsequent solidification sequence of the composite. Starting with porosity, this was a 
feature common to both of the Nicalon-reinforced composite systems. It was related to the 
fibre packing and in turn to the manufacturing route. The infiltration of a fibre array 
which has an even spatial distribution should result in minimal porosity, but where fibres 
were in close contact and infiltration by liquid metal was inhibited, porosity could become 
a problem. Thus, since the pressure required to infiltrate the interstices between the fibres 
is a function of the radius of curvature of the melt front (as the radius of curvature of the 
melt front reduces the pressure necessary for infiltration increases), fibres in contact 
contained, not surprisingly, a small amount of porosity in the interstices.
The second type of porosity which was found resulted from the characteristics of freezing 
of the melt prior to complete infiltration. This was observed in the central regions of thick 
N357 sheet, but was more common in the N100 sheets where the use of aluminium metal 
required a higher melt temperature than the aluminium alloy. Figure 4.1.a shows this 
schematically; the melt may pass through and either side of the preform, but not above or 
below, and so there is more than one infiltration direction. The molten aluminium which 
travelled further will have had more time to cool, and thus the viscosity would have 
increased, impregnation would have been inhibited and porosity would have been 
increased. A third type of porosity, of a gross nature, may result when the melt front 
approached a region of densely packed fibres, figure 4.1.b. If the melt could not surmount 
this barrier and no other melt front could reach the uninfiltrated area, porosity will have 
resulted. Generally, porosity effects are accentuated in composites which have a high 
packing density of fibres, but shrinkage porosity is not thought to be a problem because of
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the pressure applied during fabrication. Such porosity adversely affects the strength of the 
composite and clearly without contact between matrix and fibre no stress transfer is 
possible. Furthermore, transverse properties will be strongly affected by the reduced 
loading area associated with the presence of porosity, figure 4. I.e.
Once infiltrated the aluminium alloy solidifies, the resulting microstructure being strongly 
influenced by the presence of the fibres. In the case of the aluminium-silicon alloy the 
silicon particles were segregated to the fibres, see figure 3.11, a feature which has been 
noticed in other MMCs^ 7  ^ 0-54 ,153,154  ^ jn particulate-reinforced composites, for instance, 
it has been reported that the degree of segregation is a function of the melt front 
solidification characteristics. Thus the solidifying aluminium dendrites drive the 
particulates and silicon-rich melt to the same area101’152 and when the remaining melt 
solidifies, it will yield a region rich in both silicon and particulates. This is, however, 
unlikely to be the reason for the segregation of silicon in the present fibre-reinforced 
composite, although some movement of fibres has been observed by Yang and Scott5-* at 
the edge of similar tows in a carbon fibre-357 composite produced by the same method. 
The Nicalon fibres are much more massive and held tightly within their tows and no 
evidence that they were moved by the melt was observed. The segregation is a 
consequence of the solidification sequence in the composite, as shown schematically in 
figure 4.2. Hence upon cooling of the infiltrated preform the a-aluminium dendrites 
nucleate in the inter-fibre regions. As the dendrites develop they result in an enrichment 
of silicon in the liquid aluminium surrounding the fibres, examination of the phase 
diagram for Al-Si shows that the limit of the solubility of silicon in aluminium is only - 1 . 2  
wt% and therefore silicon (as part of a silicon-containing eutectic) is the final constituent 
to solidify. This is also true of the Al-Si-Fe system, figure 4.3, a system which is more 
applicable to the composite (N357) studied here since iron was a common contaminant in 
the composites.
Once the melt is introduced into the preform, the fibres, having a low thermal mass, soon
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attain the same temperature. However, the lower cooling rate of the fibres means that the 
dendrites nucleate in the inter-fibre regions. The dendrites started to form prior to full 
infiltration and they will extend until halted by some feature such as a fibre. As they grow 
the solidification front pushes melt enriched in silicon and iron towards the fibre. The 
iron-rich intermetallics start to nucleate at a temperature of approximately 884 K, the 
exact temperature being dependent on the iron and silicon content. Then, at the eutectic 
temperature of 576°C, the remaining melt solidifies.
A change in silicon morphology from the well known eutectic microstructure was 
characteristic of all composites. The presence of the reinforcing fibres locally modified 
the silicon structure, although in regions with no reinforcement the morphology was one 
with a coarse nature similar to that observed in hypereutectic aluminium-silicon alloys55. 
Similar observations were made by Gallemeault, Higgins and Lloyd^ 5 5  in studies on a 
12% Si alloy with delta alumina fibres, where they reasoned that the acicular appearance 
of the silicon resulted from the heterogeneous nucleation of the silicon on residual silica 
from the binder material, followed by enhanced diffusion growth at the fibres.
Several elements have been proposed as nucleation agents for the silicon, including 
phosphorus, arsenic, sulphur, selenium and tellurium59-^ Phosphorus as aluminium 
phosphide is the element utilized in most commercial alloys to act as a nucleant for the 
silicon. In the composite it would appear that there was enhanced nucleation and growth 
at the fibres. The segregation of silicon would appear to be a consequence of two 
phenomena; (i) the nucleation of the aluminium in the interfibre regions "depositing" 
silicon rich melt at the fibre regions and (ii) the subsequent enhanced nucleation and 
growth of silicon at the fibres.
The glass weft, in the N357 composite, was known to contain many elements which 
could lead to heterogeneous nucleation and subsequent morphological modification of the 
silicon. No evidence that any of these elements were absorbed from the weft was found.
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Indeed, if this had occurred a large number of nucleation sites would be expected which 
would then result in the formation of a large number of small silicon particles. The 
sodium in the weft might have been expected to modify the silicon but this was not 
observed.
The implication is that the modification of the silicon morphology is due mainly to the 
cooling rate. When slowly cooled the characteristic eutectic morphology of silicon is 
expected but with more rapid cooling the silicon assumes a coarse structure, which would 
explain the difference in the silicon morphology away from and at the fibres in the 
composite. There was slow cooling at the fibres due to their low thermal conductivity and 
this resulted in the more rounded form of silicon. Alloys which have the modified silicon 
morphology are known to have improved mechanical properties, although coarse silicon 
has been shown to embrittle the alloys. To modify the silicon morphology, therefore, 
sodium and phosphorus are often added to the unreinforced alloy, Das, Prasad, Dan and 
R o h a tg i^  showed an enhancement in the properties of a particulate reinforced 
aluminium-silicon alloy. Their work was carried out using low volume fractions of 
reinforcement and little has been reported concerning high volume fraction fibre 
composites. It remains to be seen if any such modification of the composite would result 
in an improvement in properties.
EPMA examination of the material showed that the most common type of intermetallic 
phase was FeSiAl5  (p). It adopted a plate-like morphology and occurred also in the 
unreinforced alloy. DSC analysis located an endothermic peak at 576°C which was 
consistent with the presence of the FeSiAls intermetallic. The quantity of intermetallic 
was greater in the N357 composite suggesting that contamination of the alloy occurred 
during manufacture of the composite. Wet analysis of the composites confirmed the 
presence of iron and in some composite sheets chromium and nickel were also found. The 
contamination was attributed to pick-up in the LMI apparatus, more particularly from the 
material used for the transfer tube. Those composites which contained chromium, nickel
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and iron in levels above the specification for 357 were produced with a stainless steel 
transfer tube. Later composite sheets produced with a ceramic-lined transfer tube did not 
suffer from this contamination, although iron was still present as a melt impurity. Early 
production runs of FP-Borsic/357 composite showed even more iron contamination, and 
then the size of the DSC endotherm was found to be greater than that for the N357 
composite, but this material was produced at a time when a cast iron feeder tube was used 
and large dross phases were picked up by the melt.
The iron-rich phase formed in 357 would be expected to be p (FeSiA^) although the non­
equilibrium a  (Fe2 SiAl8) might possibly be present. The pseudo-binary phase diagram, 
figure 4.4 shows the effect that silicon in the alloy will have on the intermetallic phase 
formed. Above -7.5% silicon the intermetallic would be the p phase but below this figure 
the a  phase would first form, transforming to p at 884 K. It was difficult to obtain an 
exact figure for the silicon content of the matrix by wet analysis due to the presence of 
silicon in the Nicalon fibres, although the nominal silicon content in the 357 alloy was 
within the range 6.5 to 7.5 %. However, in studies on the same alloy reinforced with 
alumina fibres, Scott and Yang5'* and D urrani5 5  observed the presence of both a  and p 
intermetallic phases. It should be noted that an increase in silicon content would shift the 
cooling path into the p+Al+Liq phase field, figure 4.4, but that the glass weft, which 
contains silicon, was not dissolved in the matrix. Thus the glass weft was chemically 
stable in the metal and an alternative explanation for the presence of only the P 
intermetallic is required. If then the cooling rate is considered, a slow rate would be 
expected to form the equilibrium phase, P, but at rapid rates some a  phase would be 
expected which had not transformed via the peritectic reaction to the p. Indeed the fact 
that Yang and Scott5 4  found a  and p in contact with one another, figure 4.5, and with a 
well defined orientation relationship between their lattices, suggests partial 
transformation. Although the conductivity of the alumina used in the work by Yang and 
Scott is greater than the Nicalon (38 cf 25 W/mK), this difference would not be expected 
to alter the cooling rate of the composite appreciably, which would imply that the cooling
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rate was little affected by the type of reinforcement.
In the parent alloy the size of the intermetallics was limited to the inter-dendrite 
dimensions. In the composite the intermetallic extends through aluminium matrix regions 
to reach dimensions of the order of hundreds of micrometers. As with the silicon 
morphology the dimensions of the intermetallic phase varied between the composite 
sheets.
Contamination of the alloy by the chromium results in the formation of intermetallics with 
a range of compositions. Iron is known to replace the chromium in the lattice of 
Cr4 Si4 A l ^  and, if all but a single chromium atom per unit cell is replaced by iron, the 
weight percentages for each element become chromium 38.7%, iron 10.4%, silicon 
20.9%, and aluminium 30%. These values correspond with those measured for the 
intermetallics in the N357 composite, section 3.1. Those intermetallics which contained 
nickel tended to be small in size and number and, consequently, were difficult to locate in 
the TEM for identification. There is, however, the possibility that nickel can form 
several phases in these composite systems, including NiAl3  and (FeNOAlg.
The intermetallic phase present in the aluminium-based composite was FeAl3  and this was 
segregated to the fibre regions. The presence of chromium or nickel was not observed in 
the N100, but here it was noted that the feeder tube used in producing this composite was 
ceramic lined. The iron is thought to be a melt pollutant.
EPMA investigation of the Nicalon fibres showed that there were three elements present, 
these being silicon, carbon and oxygen. Different batches of the Nicalon gave different 
weight percentages of these elements; the silicon was ~53 wt%, the carbon either ~31 or 
~33 wt%, and oxygen ~14 or ~9 wt%. For each batch the total weight percentage was 
rarely 100 %. One implication, therefore was that some other element was present or that 
the measurement and/or the correction was inaccurate. Although the EPMA investigation
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showed only silicon, carbon and oxygen, the possibility that hydrogen, undetectable by 
EPMA, may have been present had to be considered. In the DSC experiments, the 
temperature of the exothermic peak observed for both the N357 composite and the as- 
received Nicalon, corresponded to that observed using differential thermal analysis (DTA) 
by Hesegawa^ 7  for the curing of the polycarbosilane precursor fibre. This indicated that 
incomplete curing of the polycarbosilane had occurred and that a small amount of 
hydrogen was still present in the Nicalon fibres. However, this level of hydrogen does not 
account for the apparent discrepancy in the measured weight percentages, ~ 6  to 8  wt%. 
Different ZAF correction factors were also investigated and although the Scott and Love 
correction is considered to provide more accurate results than that used in the JEOL JXA 
8600M, calculated weight percentages of elements were slightly lower, but this may be 
due to batch variability rather than the correction procedure. For example, the actual 
numerical value of the ZAF correction factors in each case was very similar and from the 
JXA 8600M were 1.01 for silicon, 1.01 for carbon and 1.42 for oxygen. The fluorescence 
factor, F, was unity in all cases, and the major difference (~3 % relative) lay in the 
absorption factor, which for oxygen was 1.42; the Scott/Love correction gave comparable 
correction factors, the absorption factor increasing by -3%. One possibility is that the use 
of a non-conductive standard (silica) may be affecting the result and this is being further 
investigated. Another possibility was that the measured x-ray intensities were incorrect, 
and for this reason the x-ray emission peaks were studied in more detail. In the initial 
work, the silicon and oxygen x-ray peaks were recorded using analysing crystals which 
were insensitive to the chemical state, PET and LDE1 respectively. The carbon x-ray 
peak, however, showed a distinct variation in shape, the Nicalon giving a broader peak 
than the silicon carbide standard. The calculated peak areas showed a difference of 
approximately 6  % and whilst this can account for some of the inaccuracies it does not 
explain fully the discrepancy observed in total weight percentages. This work is being 
continued, but since the carbon x-ray peak has been shown to depend on the 
compositional state, the calculation of the k-ratio should be made with peak areas rather 
than peak heights.
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Further investigation of the x-ray emission spectra from various carbon-containing 
compounds showed profound differences in shape. The difference in x-ray peak shape 
observed for different species of carbon has been noticed before759' ^ ,  although, it has 
rarely been used as an aid to the identification of compounds as was carried out in this 
study. Both the first-order and second-order carbon x-ray peaks indicated that the Nicalon 
was a mixture of silicon-carbon bonding and free carbon. In addition to the variation in 
carbon x-ray emission spectra, x-ray emissions from the other elements, present in the 
Nicalon, were investigated using 'composition sensitive' detection crystals. In the 
current investigation, the dependence of the shape of the silicon Kp x-ray emission peak 
on chemical bonding of the silicon gave evidence that this element was not present entirely 
as silicon carbide. It was deduced that a proportion of the silicon was bonded with 
oxygen, but that it was not in the form of silica. Difference in the shape of the oxygen Ka 
peak from Nicalon and from silica was also indicative of the presence of some other 
oxygen-containing phase. The possibility thus presented itself that the oxygen was 
combined as a silicon oxycarbide. Indeed, many structural investigations on Nicalon 
fibres^"-^ have reported excess carbon and the presence of oxygen and early work such as 
that by Yajima et al76, suggested that the oxygen was present as a surface layer.
However, as the present investigation and other studies utilizing EPMA have shown, 
there was an even distribution of oxygen across the fibre and only slight surface 
enrichment. Moreover, recent work using techniques such as nuclear magnetic resonance 
(NMR) 2 5  and x-ray photoelectron spectroscopy (XPS)^5, have suggested the presence of a 
ternary silicon oxycarbide phase in the form SiOxCy. Although the quantitative analysis 
of the Nicalon is still being investigated to ascertain the exact elemental break-down, the 
present EPMA data were used to produce an estimate of the composition percentages. The 
peak shape investigation has shown the probable presence of silicon carbide, a silicon 
oxycarbide phase and free carbon, and the calculations described in chapter 3 gave the 
proportions of each of these to be 59-68 wt% silicon carbide, 20-30 wt% silicon 
oxycarbide and 10-15 wt% free carbon.
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The work carried to date indicates also that there was some oxygen enhancement in the 
surface region of the fibre and that its most probable form is as a silica layer. There was 
an indication, too, that the silica layer was patchy on the as-received fibres but was more 
continuous after flame desizing. This is in accord with other studies reporting a thin layer 
of silica on the surface, typically of thickness ~2 0 nm ^, but which has been shown to 
thicken with further heat treatment in air*0-^. The presence of the silica on the fibre 
surface is particularly pertinent to the interfacial reactions, as will be discussed later in 
this chapter.
The Nicalon fibres were circular in section with an average diameter of 14.8|im, but 
ranging widely from <8 jim to >30jim. Variations, too in the local volume fraction of 
fibres were common, resulting from the fabrication route used for the fibre preform. 
Furthermore, the tendency of the glass weft, when used, to keep the fibres in tows 
resulted in closely-packed regions of fibre and areas between fibre tows with no 
reinforcement.
EPMA studies in the SEM revealed the presence of magnesium at the fibre matrix 
interface but the technique did not identify precisely the position or composition of the 
phase concerned. Higher resolution work using TEM showed that there was a zone at the 
fibre/matrix interface which ranged in thickness from 10 nm to 200nm. EDS indicated 
that the zone was enriched in magnesium and aluminium. Furthermore, the zone gave an 
electron diffraction ring pattern which corresponded to the p-silicon carbide of the bulk 
fibre, an observation which would indicate that the magnesium/aluminium was within the 
fibre. Although the position of the zone was clear, the exact nature of this region could 
not be ascertained. In aluminium-magnesium alloys it is commonly found^ 6 2  that the 
magnesium segregates to grain boundaries and this may be a contribution to the 
segregation to the fibre/matrix interface.
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The composite sheets which showed higher magnesium content, according to wet 
analysis, were those which exhibited magnesium segregation at the fibre surface, and the 
higher the level of magnesium in the matrix alloy, the more marked the effect For a 
magnesium zone of 2 0 0 nm thickness, calculations based on the size of the fibre gave a 
magnesium content of ~0 .6 % by volume. The interfacial magnesium would have 
originally have been in the matrix, since the fact that no magnesium enrichment was 
found in the regions close to the glass weft removes it as a possible source of magnesium. 
Within a composite sheet the variation in the magnesium zone thickness was a result of the 
contact time with the melt Initially the magnesium in solution in the aluminium 
component of the matrix would have been in contact with the fibres and thus the 
magnesium would be able to interact with the fibre. In regions where the silicon or an 
intermetallic came into contact with the fibre, the time for reaction to occur would be less 
which would explain the interaction zone thickness being smaller. The most likely 
situation is that the magnesium reacted with one or both of the oxygen-containing phases. 
Both the aluminium and the magnesium would be expected to reduce the silica to form 
their respective oxides by reactions such as:
and 3Si0 2  + 4A1 —^ 2 AI2 O3  + 3Si 2
The formation of spinels has also been reported, by reaction either with the silica layer or 
with alumina fibres according to:
No evidence was obtained indicating that either the simple oxide or spinel oxide had 
formed in the outer zone of the fibre, despite the fact that the constituent elements were 
present. Nevertheless, since the magnesium is located within the fibres, even when
S i0 2  + 2Mg —> 2MgO + Si 1.
2Si0 2  + 2A1 + Mg -> MgAl2 0 4  + 2Si 3
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aluminium carbide was the interphase and the carbides do not form where the silica 
occurs, see later, the interaction is believed to be with a bulk fibre phase. The heats of 
formation for potential reaction products are seen to favour the formation of the spinel 
since the reaction
4A1 + 2Mg + 4 0 2 -> 2 Al2 M g04
has a AG = -3900 J K* 1 mol"1, whereas the reaction:
2Mg + 0 2  —» 2MgO
has a AG = -1020 J K^Mol-1. Although both of these reactions involve the gaseous 
species of oxygen, the relative reactivity is assumed to hold with a solid state reaction via 
the oxygen in silicon oxycarbide. Girot, Albingre, Quinisset and Naslain7 0  produced 
data on the interface between Nicalon and an Al-Si-Mg alloy, which suggested the 
formation of the spinel. In addition to magnesium penetration of the fibre a number of 
other interactions between the aluminium matrix and the Nicalon fibre were observed; 
these are summarized in figure 4.6.
With regard to the crystals of alumina which were found at the interface, these may have 
occurred by the reaction of the aluminium in the melt with the silica found to be present on 
the fibre, as indicated in equation 2. Such a reaction would require the transport of 
oxygen into the matrix and the dissolution of the liberated silicon in the remaining 
aluminium phase. Indeed, the formation of alumina has been reported when a silica 
coating is present but it is not usually found in other composite systems.
Groups of carbide crystals attached to the Nicalon fibre were a common occurrence. They 
may be formed by reaction with the free carbon or with the p-SiC, as follows
98
4A1 + 3C  -»  AI4 C3  .........
4A1 + 3SiC —» AI4 C3  + 3Si
6.
... 7.
The first reaction has been noted in many carbon fibre reinforced composites. Work by 
Yang and Scott5-* on a composite based upon an aluminium-silicon matrix alloy and made 
by the LMI production technique, has shown the formation of a large number of carbide 
crystals where carbon fibre was in contact with aluminium metal, although no such 
reaction was detected at a fibre/silicon interface. The kinetics of the reaction have been 
studied by Okura and Motoki7 5 7  for a carbon fibre coated with a pure aluminium, who 
showed that the formation of the carbide affected the fibre properties adversely, the more 
extensive the carbide layer the greater being the reduction in fibre strength. These authors 
found that the growth of the carbide was greater at higher temperatures and, using the data 
of Okura and Motoki, the parabolic rate constant at 1000 K was deduced to be 8.4xlO"2 0  
m2 sec‘7. For example, the calculated reaction time to form a layer of carbide 100 nm 
thick would be approximately 16 hours.
The second carbide-forming reaction (reaction 7) is less often observed and many 
authors* 7 ' 5 5 ’^ ’* 0 0 ’* 2 5 ’* 2 7 ' * 5 5  find no reaction between the pure silicon carbide and 
aluminium alloys until temperatures of up to -970 K are reached. Furthermore, when the 
silicon content of the alloy was above -7.2 %, the reaction 4 was reversed to become:
AI4 C3  + 3Si 4A1 + 3SiC .............................. 8 .
Another possibility is that the aluminium had reacted with the silicon oxycarbide in the
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fibre to form the aluminium carbide by a reaction according to:
(2x + 4y)Al + 3SiOxCy -> xA120 3 + yAl4 C3  + 3S i 9.
This is, however, considered unlikely since this would produce a number of different 
reaction products in the same area but this was rarely observed, generally alumina or 
aluminium carbide being found in isolation. Where both reaction products were found in 
close proximity, this would have been the result of aluminium reaction with the free 
carbon to form the carbide and with the silica to form the alumina but in very localized 
areas. Such interface reactions in the aluminium/Nicalon system have been observed 
before. Viala, Bosselet, Fortier and Bouix^ found a reaction zone approximately 2|im 
thick for a pure aluminium matrix and between 4 and 7|im for an aluminium-14.5%silicon 
alloy, both zones being formed after 95 hours at 1000K. The morphology of the carbides 
would also indicate a reaction with the free carbon in the fibres. Yang and Scott-** have 
shown similar needle-shaped carbides, figure 4.9, for carbon fibre reinforced 357 alloy, 
whilst the study by Hughes et aF-**, for the formation of aluminium carbide by the 
aluminium/pure silicon carbide reaction, found a more regular shaped reaction product. 
Additional evidence that a reaction did not occur between silicon carbide and aluminium 
was provided by the lack of any small silicon particles, which should have been liberated 
during reaction and deposited heterogeneously at the interface, as reported by Peteves et 
d\126. A further possibility was that a residual carbon layer on the surface, present due to 
the desizing prior to infiltration, was reacting with the aluminium to form the carbides but 
no evidence for such a layer was found. It is thus unlikely that either the 
aluminium/silicon carbide or aluminium/oxycarbide reactions were responsible for the 
aluminium carbide formation and that it was principally due to the aluminium/free carbon 
reaction.
An approximation of the reaction time for the present composites can be made by using
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the results of Viala et al. These would indicate a reaction rate constant of 5.9x10’^  m 2  
sec- 1  for the pure aluminium and 3.65xl0-17 m2  sec- 1  for the Al-14.5 wt%Si alloy at 
1000’C; the variation of interfacial reaction product thickness with time being given in 
figure 4.7. For the alloy, the reaction zone was lOOnm thick which, assuming a reaction 
temperature of 1000 K, gives a reaction time of approximately 2 minutes. This increases 
to 9 minutes for a zone size of 200nm. Both values are typical for the solidification times 
in the LMI process. In the alloy composite the aluminium carbide is a metastable phase, 
due to the presence of silicon in the matrix, reaction 8 . The aluminium liberated in this 
reaction forms further aluminium carbide with the free carbon exposed in the fibre and 
then further dissolution of the Nicalon takes place. In the pure aluminium matrix 
composite, however, the aluminium carbide is a stable reaction product which acts as a 
barrier to further reaction with the fibre, the growth depending on the diffusion of carbon 
through the aluminium carbide.
As mentioned earlier the reaction rate decreases as the temperature of the reaction is 
reduced. The curve of Okura and Motoki7 -* 7  in figure 4.7 for the variation in parabolic 
rate constant with temperature would imply that the reaction effectively does not occur at 
lower temperatures below ~600*C. However, the interface in the heat-treated composite 
showed an extended reaction zone thickness. This occurred at a temperature of 540*C, 
and so was due to a solid/solid interaction. C o ltters^ , in a review of the thermodynamic 
data on binary carbides, gave a relationship for the Al(solid/C(Solid) interaction with a AG* 
for the formation of A14 C3  as -61 ± 3 kJ m oH K '1. For the A l ^ / C ^ d )  reaction the 
thermodynamic relationship results in a AG* of -58 ± 3 kJ m oH K '1, at ~700*C, showing 
there was very little difference in the heats of formation of the carbide during the casting 
and in the heat treatment.
The variability in the type of reaction product formed, either alumina or carbide, is 
thought to be due to the patchy nature of the silica on the Nicalon surface. Hughes et dl134 
showed that when silica layers of thickness approximately 5nm on pure silicon carbide
101
were present, the only reaction product formed was alumina and/or alumino-silicates.
In certain non specific areas phases were found that had not formed by reaction between 
Nicalon and matrix components. The first example of this was a phase which showed a 
spinel type structure, the exact composition of these phases varied from that of MgAl2 0 4  
to a similar phase which contained some additions of silicon. These were observed at, or 
close to, the fibre surface and usually of a typical dimension of 200nm square. There was 
no observable interaction, between the fibre and these phases. The implication was that 
they were deposited at the interface rather than the result of some reaction with the 
reinforcement. Further evidence of a deposition of phases at the interface was provided by 
the presence at the interfacial region of material which clearly came from the glass weft. 
The amorphous structure and presence of calcium, magnesium, oxygen and silicon 
corresponds very closely with the weft composition. Both these deposited phases would 
have been formed and/or transported from elsewhere in the fibre. The melt front carried 
them until they were arrested by the fibres, the remaining melt then solidifying around 
them; this is shown schematically in figure 4.10. The implication from the structure of 
the deposited phases is that the majority of the glass weft material remains in the fibres; 
however, some is ablated by the passing melt and transported physically to a position at 
the interface with the fibres. Most of this deposited weft material retains the morphology 
of its source but some is 'smeared-out' at the interface to form a very thin layer. A 
chemical interaction may occur to form the spinel type phase, it is possible that the 
surface oxide present on the molten aluminium reacts with the magnesium, in solution, to 
form the spinel. These smeared and bulk deposited phases explain the apparently high 
levels of magnesium segregation observed in many of the composites sheets in EPMA.
Apart from its good casting characteristics, another reason why 357 alloy was selected 
was its potential for age hardening to increase its hardness and yield strength. In 
particular, it was hoped that this would be beneficial in the improving transverse strength 
of the composite. Unfortunately the benefits of ageing were not realized in the N357
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composite because Mg2Si precipitates, responsible for the ageing response, did not form. 
Indeed, as discussed above, the magnesium was shown to segregate to the first lOOnm of 
the Nicalon fibre. In the alumina-Borsic reinforced 357 composite there was, however, a 
small ageing peak but this was found to form in a shorter time. Such accelerated aging is 
often observed in MMCs56'164'168 and is attributed to an increased number of nucleation 
sites such as interfaces or dislocations for the precipitate phase. The presence of a high 
density of dislocations in the composites, due to thermal contraction difference between 
fibre and matrix^65, can act as a hardening mechanism as well as a nucleation site for 
precipitates. In this connection Bhanu Prasad, Prasad, Kuruvilla, Pandey, Bhat and 
M ah ajan ^ , in work on a non age hardening Al-Mg alloy found an increased matrix 
hardness which was attributed to the heterogeneous nucleation of magnesium phases at the 
dislocations. Unfortunately, because of the complicated nature of the fibre distribution in 
the F357 composite, the effect of matrix strength on the transverse strength of the 
composite could not be evaluated. It should, however, be remarked that where MMCs 
are required for use at elevated temperature, there would be little advantage in utilizing an 
alloy with a metastable phase since the precipitate would coarsen prematurely and the 
composite become embrittled.
4.2. Effect of Microstructure on Mechanical Properties.
As was stated in the introduction, section 1.5, the tensile strength of a composite in the 
longitudinal orientation may be estimated using the rule of mixtures (ROM) which is of 
the form
oc=GfVf+ Gm.(l-Vf)........................ equation 4.1.
where oc, Gp and Gm are stresses in composite, fibre and matrix respectively and Vyis
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the volume fraction of the fibre and the response of the composite during straining is thus:
a ce = GmeV-Vf) equation 42 .
where a ce, c a n d  are the stress levels at a given strain e. The stress levels at a given
strain, o ^ ,  for the matrix were taken from the measured stress strain curve, see section 
3.2.3, these were used with the fibre properties obtained by assuming that quoted strength 
and stiffness values were correct for the Nicalon fibres, 2.0 GPa and 200 GPa. The stress 
strain curve calculated using equation 4.2, is given in figure 4.11, the failure point being 
~1.4GPa at 1.0 % strain.
However, as discussed in section 3.3 the mechanical performance of the fibre depended 
upon its condition, and brittle materials such as silicon carbide are known to have strengths 
which follow a Weibull probability distribution (WPD). The WPD is a relationship which 
describes the distribution of flaws within a fibre volume, V, the volume being related to 
the length, L, by V-nr^L  where r is the fibre radius. The distribution may be 
represented by the relationship:
P f=  1 - exp[ -V.(olG0)m] ...................... equation 43 .
where Pf is the probability of failure, V is the sample volume loaded at a stress a , and m 
is the Weibull modulus; the term o Q represents a correction factor for the material in 
question. The equation has been expressed also in the form ^5:
P f -  1 - exp[ -a ./.am7 ..................... equation 4.4.
where a  = A /c0m is a constant for a given fibre cross-sectional area A and 1 is the sample 
gauge length.
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P f may be estimated from:
P f = __b .....................................equation 4 5 .
Nt+1
where Nt is the total number of specimens and n the strength ranked number of the 
specimen. The relationship may be re-written in the following form:
lnln[lf(l-Pf)] = m.ln a  - ln[a ./J  equation 4.6.
The Weibull modulus, m, and a  may be found from the gradient and intercept of the 
straight line, respectively. The value of m gives a measure of the scatter of the 
distribution, and the higher the value of m the less will be the amount of scatter. The fibre 
properties in a chemically reactive system, such as the aluminium/Nicalon composite, can 
however be expected to change. Values of m calculated for each set of results gave the 
curves in figure 4.12. The amount of scatter measured varied little between each set and 
the values of m are shown in table 4.1, as obtained from regression analysis of the curves. 
These Weibull shape factors have been shown to vary with the gauge length used in the 
fibre testing and indeed the type of Nicalon fibre. Bunsell and Simon9  quote values which 
range from 2.2 to 3.6 for m and report that the Nicalon fibre type NLM 202 which was 
used in the present study gave some of the best properties. The above calculations do not, 
however, take into account the diameter variation of the fibres and a more rigorous form 
of equation 4.6 would be:
Inin [ll(l-Pf)] = m.lno - InA - ln[l/o0m]  equation 4.7.
This was used for a set of the fibres from the 'bobbin1 to produce the curve shown in figure 
4.13, m was the same as that found using equation 4.6 and so the area correction was not 
necessary.
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Using the mean value of ay to obtain an approximate value for the strength of the 
composite gave the values in qfigure 4.14 and summarized in table 4.2; this assumed that 
the fibre modulus was retained. Thus the calculated composite strength was found to be 
greater than that measured experimentally although the use of actual fibre strengths gives 
lower predicted values for the composites. However, no account of the fibre strength 
distribution has been taken.
The spatial distribution of the fibres in the composite also affected the strength since the 
statistical nature of the flaw distribution in fibres caused some to fail at a low load. The 
remaining unfailed fibres then shared an increased stress. Thus there may be a level of 
load where if one more fibre fails then the whole bundle will fail. Using the equation for 
the bundle strength,
o b = (ma)'1,m exp[-1/m] ......................equation 4.8
and the ratio of bundle strength to mean strength (ay) as:
o b = exp[-lfm] = (1.8884m)'1 ,m ............... equation 4.9
of  [(In 2)/a]llm
gave for the Nicalon fibres a bundle strength of -0.56 of the mean fibre strength, a fibre 
bundle strength of 862MPa and a composite strength (based on ROM) of 410MPa. These 
values were based upon the strength of fibres from the as-received population and a 
volume fraction of fibres of 42%. If, however, the strength distribution of fibres 
extracted from the N357 composite was used the bundle strength became 235MPa and the 
composite strength 130 MPa. The matrix stress at the fibre failure strain was taken to be 
—0 . 1 % for this calculation.
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Although a broken fibre in the dry bundle may no longer contribute to the load-bearing 
capability, a broken fibre in a composite would be expected to retain some load-carrying 
capability. Thus the ends of the broken fibre, corresponding to the ineffective length (5), 
would have a decreased ability to carry stress, but beyond that distance from the ends the 
fibre could support a share of the applied load, (figure 1.16)
For infiltrated fibre bundles there will be a number of fibre breaks throughout the 
composite as the load is applied. The first fibre failure may result in catastrophic failure if 
the value of m is large and the scatter in fibre strengths is small. The redistribution of load 
may then be sufficient to break the neighbouring fibres, a process which will be repeated 
as the load is increased and, consequently, the section rapidly loses the ability to carry the 
load. Where there is a wide distribution of fibre strengths the failure process differs. The 
local redistribution of load about a failed fibre is unlikely to coincide with a weak point in 
the fibre and more scattered breaks occur and accumulate. Again the local fibres are 
required to carry an increased tensile stress and a localized shear stress concentration may 
develop which can lead to interfacial failure or to matrix yielding. An approximation of 
the failure stress of the first overloaded fibre has been proposed by Z w eb en ^  as:
where N  is the number of filaments, / is the strand length, (3 = a~1,m and £ is a fibre 
tensile stress intensity factor for the array of fibres (1.146 for a square array); 6 , the 
ineffective length, is given by:
where Gm is the shear modulus of the matrix and D is the fibre diameter.
For Nicalon-reinforced aluminium the value for the ineffective length was calculated to be
equation 4.10
5 = D.[(Vfll2- l) .E /2 .G J 1/2 equation 4.11
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~ 2 1 |im. This gives a first overloaded stress of ~710MPa using data for as-received fibres 
and ~180MPa for fibres extracted from the alloy composite. The values were calculated 
using p values obtained from the WPD intercept, E j-  200GPa, Gm= 28GPa and N  was 
estimated from the specimen cross sectional area as 6 X1 0 4  fibres, the gauge length was 
30mm, and m  taken from the relevant WPD, see table 4.1. If this fibre failure is assumed 
to result in composite fracture, the composite strength can be deduced from the ROM, the 
value for the as-received fibre based composite would be ~340MPa and the value based on 
the extracted fibres would be ~100MPa. This implies that there was some damage 
tolerance in the composite although only a small number of fibres will result in the total 
loss of strength.
If the fibre is considered as a brittle material containing a flaw of depth, dp the fracture 
behaviour may be related to the strength using knowledge of the fracture toughness of the 
fibre material in question. For bulk silicon carbide the fracture tougthness (K1C) is 
3MNmm-^ .  The following equation was used to calculated the flaw size responsible for 
the fibre failure:
KIC = Y.G.(n.cif)1/2 .........................equdtion 4.12
where P is a geometrical factor, ( 1 . 1 2 ), a  is the failure strength of the fibre and dp is the 
corresponding critical crack dimension. Calculations were performed using the mean fibre 
strengths measured for each set of fibres and the results are shown in figure 4.16. This 
shows that the predicted flaw size responsible for the fibre failure was often greater than 
the fibre diameter (15 |im), which is clearly not possible. It could be said, however, that 
the as-received fibre failure was due to the population of intrinsic flaws produced during 
manufacture, whilst the fibres taken from the preform possessed additional flaws due to 
the mechanical damage incurred whilst handling. The mechanical damage can account for 
some of the fall in strength of the fibres extracted from the composite, but not all.
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To explain this apparent discrepancy the microstructure of the composite was considered. 
Figure 4.17 shows that as the thickness of the interface reaction product increased the 
fibre strength decreased. A similar trend was observed in the measured composite 
strength, although these were taken from three sets of tests. The curve shows both the as- 
received fibre strengths and the strength of the fibres extracted from the uninfiltrated 
preform, both of which gave a greater fibre strength than those fibres extracted from the 
composites. The variation in the reaction product thickness alone does not explain the 
reduction in strength of the fibres, if, however, we assume that the interface reaction 
product can be considered a stress enhancing mechanism further analysis may be made. 
For the as-cast N357 a typical size of the aluminium carbide is 250nm by 24nm. Using the 
simple Inglis relationship:
Gm a x= -^a  = 2.o.[a/p]I®   equation 4.13
where omax is the stress at the tip of the feature with a length a and radius p, and taking 
an apparent load of 420 MPa giving a crack tip stress of ~2.7GPa. A similar calculation 
for the N100 material, with a mean fibre strength of 760MPa and where typical carbide 
lengths are -70  nm, gave a value of ~2.8GPa. These values are close to the strengths 
measured for the as-received fibres. The calculated stress intensity factor, k, was 6.45.
Fractography of the composite showed that the intermetallic phases were often associated 
with the fracture, the failure initiating in the intermetallic and then passing to the fibre. If 
it is then assumed that the failure strain in the intermetallic is below that of the fibre, the 
intermetallic acting as a large matrix flaw, fracture mechanics can again be used to 
investigate fibre failure. The equation may be written in the form:
Of = K[C/[ 1.06.n.c]l®   equation 4.14
where c is the interphase zone size. The variation in the fibre strength and the composite
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failure stress calculated using the equation is illustrated in figure 4.18. The curve makes 
no distinction between the type of brittle phase and the same analysis could be used for the 
AI4 C3  and AI2 O3 . Below a value of interphase thickness of C; the fibre strength will be 
dependent on the intrinsic flaws and independent of the interface zone size. Above C7  the 
failure is determined by the size of the interface phase zone and in the case of AI4 C3  the 
stress concentration effect gave an apparent thickness of ~ 8 }im. Consequentially up to a c 
value of 8 Jim the fracture may be due to either the carbide or the intermetallic but af Higher 
values the intermetallics would control the initiation. For a continuous interphase there 
would be a critical thickness where the composite failure strength is dependent upon the 
failure strain of the interphase, a c=e^.£c. However, if the second phase is discontinuous, 
as is usually the case, this would not be so, although the loss of matrix strength would 
then be important. Additional factors would require consideration, these include any 
stress enhancement, the bond between the phase and the fibre and the orientation of the 
phase to the loading direction. Further evidence of the involvement of intermetallics in the 
fracture of the MMC is given by the fracture surface of the alumina/Borsic hybrid 
composite. The presence of extensive intermetallics resulted in the fracture of the alumina 
fibres and the same intermetallic could act as an initiation site for several fibres. It is 
possible also that the iron-rich intermetallics and other matrix phases act as flaws in the 
matrix; these then fail prematurely leading to an increased stress on the fibres due to loss 
of section area of the matrix.
The above analysis considered only the initiation of fibre and composite fracture. The 
propagation of the failure is important in determining the strength of the composite. 
Fracture initiation in the longitudinal orientation of the composite in tension is very 
dependent on the strength of the fibre. The measured composite tensile strength was 
within 1 % of the predicted "bundle theory" value, the implication being that only very 
few fibre breaks are needed to produce complete failure of the N357 composite. Acoustic 
emission data are in accord with this. The count rate was shown to be low until a time 
very close to the failure point when a considerable number of events occurred in a small
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increment of strain.
The fibre strength is strongly influenced by the method of incorporating fibres into the 
composite due, in turn the deterioration of the fibre properties caused by interfacial 
reactions. Whether the presence of the alumina or aluminium carbide is more severe is not 
clear since both probably contribute to the fracture. It would also appear that the 
magnesium/aluminium interaction zone in the outer surface regions of the fibre has some 
effect on the fibre fracture and in section 3.2 it was shown that the surface of the fibre can 
fail preferentially to the bulk. The initiation of the composite fracture is dependent on the 
fibre strength, which in turn is controlled by the interface phase or phases. Thus, the 
presence of the interfacial reaction product and intermetallics both contribute to the 
initiation, the silicon phases were shown to fracture from the fibres during TEM specimen 
preparation, it is likely therefore that they also cause premature failure. Schamm, Le 
Petitcorps and Naslain772, have measured the strength of Nicalon fibres where a 
interfacial reaction has been enhanced by application of a wetting process with K 2 ZrF6; 
the interfacial product formed was deemed responsible for the loss in fibre strength 
observed.
Normally the matrix would be expected to redistribute the load after first fibre failure but 
if, as in this example, the matrix contained a large number of interlocked brittle phases, 
the fracture is likely to be catastrophic. Such embrittlement can arise in unreinforced 
alloys when second phases are present. For example Ritter and Briant77-* have shown that 
there is void formation around large iron- and silicon-rich inclusions resulting from the 
cracking of these particles. The larger inclusions are those which form voids first and 
these are therefore more deleterious. Subsequent failure would then depend on the ability 
" of the surrounding aluminium to yield and thereby resist void coalescence. A large 
number of void nucleation sites are available in the composite and in section 3.2 it was 
shown that microvoiding occurred at silicon particles and that the fracture path through the 
matrix-rich regions was associated with their fracture. Such micro-voids may coalesce and
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lead to crack propagation. The fracture of particulate and whisker reinforced MMCs is 
often explained in terms of void formation and coalescence5-^  J 74\ the formation of
these voids is attributed^7* to the localized plastic deformation at stress concentrations 
such as sharp comers of whiskers. Both the silicon and the intermetallics are very angular 
and a similar process of stress concentration-void formation is thought to occur in the 
present composite matrix areas. The weft material, both the glass in the N357 and the 
titanium in the F357, influenced the fracture path. The glass fibres were often not 
infiltrated with matrix and thus had no load bearing ability.
As a result of the brittle nature a Weibull probability distribution may be used to 
characterise the composite. Figure 4.19 shows the curves for longitudinal and transverse 
fibre orientations, It may be seen that the transverse failure stress has a larger scatter than 
the longitudinal failure stress, as expressed by the smaller m value, although it may be 
argued that there are too few test results to provide a rigorous Weibull analysis of the 
composite.
Much of the above analysis of the alloy composite may be applied to the composite based 
upon commercially pure aluminium (N100). Using the as-received fibre strength and 
measured matrix strength and applying the ROM gives a composite strength of 670MPa. 
This is not appreciably different from the alloy composite as the fibre properties dominate 
the approximation. However, if the measured strengths for fibres extracted from the 
N100 composite are used as the ROM value becomes 335MPa. These results are 
summarized in table 4.3.
The bundle strength is again calculated to be ~0.56 of the mean fibre strength. Since 
'fibres extracted from the composite gave a mean strength of 740 MPa, the calculated 
bundle strength is 416 MPa. The corresponding fibre failure strain was 0.21% 
(Ef=200GPa), at which strain the pure aluminium stress (a*) was 26 MPa and thus the 
expected composite strength would be 194 MPa.
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Using the first overloaded fibre failure approach the value of Gj was calculated to be 360 
MPa and the corresponding composite strength to be 170 MPa. The calculations utilize 
the WPD functions for measured from fibre population and matrix properties. The higher 
observed mechanical strengths in the N 1 0 0  composites may be thus explained in terms of 
the strength of the fibres.
Although the fibre distribution in the NIOOf composite was improved there were still areas 
of local high packing density. These fibres were still linked by brittle intermetallics which 
although small in dimensions could cause fracture of the fibres.
4.3. Factors Controlling the Interfacial Bond
The bond strength between the fibre and the matrix is of prime importance for the control 
of the composite properties. Fractographic studies of test specimens of all geometries 
have shown that the bond between fibre and matrix is strong, the transverse fibre 
orientation specimens showing preferential fibre splitting rather than interfacial failure. 
The shear tests rarely failed in shear and when they did it was as a result of a large amount
of porosity. The best indicator of the bond strength was provided by the fibre/matrix
<
interfacial shear tests, despite the reservations about the applicability of the technique to 
composites with a strong fibre/matrix bond and a plastic matrix. In the alloy-based 
composite the bond was found to be at least 3  times that in the pure aluminium material 
(58 ±41 MPa and 12 ± 5 MPa respectively). However, both these represent a strong 
bond and are much greater than a non-reactive system, Bleay and Scott^ 7 5  have shown 
that for a Nicalon fibre/glass matrix composite the fibre/matrix interfacial shear strength is 
~3MPa, measured in the same manner. The high bond strength is attributed to the 
reaction at the aluminium/Nicalon interface. In the study by Li, Arsenault and Jena^76the 
Al/SiC bond is concluded to be stronger than the Al/Al bond which would indicate a very 
strong bond is formed in these composites between aluminium and silicon carbide as well
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as the reactive aluminium/carbon interface.
Even allowing for the deformation of the matrix, the results are considered to provide a 
comparative measure of the bond strength in the composites, if not an absolute quantity. 
The interfacial shear strength here, is considered to be a combination of factors. These 
include the contribution from fracture of the fibre-matrix bond, interfacial sliding, and 
matrix deformation, figure 4.19. In certain fibres the bond does not fail, as evidenced in 
examples where either the fibre shatters or gross matrix deformation occurs. This means 
that the calculated value is lower than the actual bond strength. Since the measured 
deflection of the fibre is partly dependent on the matrix deformation, any comparison 
between interfacial bond strengths must take into account any difference in the yield stress 
of the matrix. If the difference is large it is likely to affect the measured result. In the 
composites used in this investigation the hardness of the aluminium dendrites was similar 
for both the N357 and the N100 (—38 Hv), and so the bond strength is considered a fair 
comparison for fibres isolated in the aluminium matrix constituent.
The bond is associated with the interface reaction, the second phases on the fibre surface 
and mechanical interlocking between matrix and fibre. The reaction zone size will only 
affect the interface strength when it becomes so large as to fail preferentially. The major 
difference between the N357 and N100 composites then becomes the presence of second 
phases and the diffion of magnesium into the fibre. In the pure aluminium only small 1-2 
|im  intermetallics are present on the fibres, whereas in the alloy composite a large number 
of silicon and intermetallic particles exist. These are seen (section 3.3) to be still be 
bonded to the fibre in the post-indented specimens. The usual case is that the matrix 
deforms or the second phase fails and therefore the volume of material associated with the 
' indentation in the alloy composite is much larger than the N 1 0 0  composite; this is shown 
schematically in figure 4.20.
In the heat treated alloy composite the measured bond strength is lower, the fibre/matrix
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shear strength was ~36MPa; this is thought to be due to an enhanced interface reaction. 
The fibre failure noted during indentation would be due to a strong bond and preferential 
failure of the interphase, which in turn results in fracture of the fibre. The shear tests 
carried out on the composites showed that where the fibre/matrix bond existed the fibres 
failed rather than the bond.
4.4. Importance of Test geometry on Measured Strength.
For any material to be utilized it is necessary that the properties can be characterised with 
confidence and ideally a single strength or stiffness quoted and used in design criteria.
The flexural strength was higher than the tensile strength, ~340MPa compared with 
~130MPa, for the N357 composite. However, this was only for one geometry of flexural 
test bar and the strength was shown to vary depending on the geometry used. The worst 
case resulted in the measured flexural strength being below the tensile value, at 116MPa. 
The next section attempts to account for this discrepancy by investigating the statistical 
nature of the composite failure.
Simple relationships based on the dimensions of the bar do not explain the variation in the 
strength. The strengths were compared with the interspan area and no obvious dependence 
or trend found, figure 4.21. If the distribution of fibres is considered to be even through 
the sheet it is possible to consider a series of plies of single fibre depth equally distributed 
through the bar. Simple beam theory then would consider the maximum stress to be in the 
outer layer' (usually termed 'fibre', but this is thought confusing in the context of a 
composite). If the effective stressed volume of the outer layer is simply considered to 
have the same depth in each geometry, the relationship with the strength will be as that 
found for the inter-span area.
The tensile tests showed that the strength of the composite followed a Weibull probability 
distribution. If each of the layers was assumed to follow the same Weibull distribution
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further analysis was made to find an effective geometrical dependence for the strength in 
flexural tests. The basic WPD for failure is given in the following form:
P f=  1 - exp[-V.(olo0)m]
If for the bend tests it is assumed that the composite has the same WPD as the tensile tests, 
so that m = 6.11 and l lo 0 = 9.39 xl0~]4, there may be considered some volume of 
material V  which is associated with the fracture of the composite. This is assumed to be:
V  = bJ.aj
where aj is the apparent depth associated with fracture. This may approximated by 
assigning a probability of failure. If the mean strength value, P f -  0.5, is used the 
variation in a; calculated is as shown in figure 4.22 for the experimental test results. This 
shows that the failure associated depth varies with the geometry of the bar.
The stress distribution through the bar is given by the relationship:
oy = 2.FmaxL.ylb.d3
where y  is the distance from the neutral axis of the test bar. This is calculated for each bar 
dimension and if the composite is assumed to act as a homogeneous material, the 
variation will be as given by the straight line in figure 4.23. As the composite follows a 
WHPD it is possible to assign a failure probability through the depth of the bar, figure 4.23. 
These curves show that for geometry A and C the probability distribution varies from zero 
at the neutral axis to near unity at the surface; however, geometry B shows that the 
probability of failure only reached ~80%. In the investigation by Goda and Fukunaga^ 7  a 
separate Weibull parameter was ascribed to a certain type of flaw, and the composite was 
then described in terms of tri-modal Weibull distribution with parameters, m m 2 and
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ntj. A similar analysis is used to characterise hybrid composites such as the study by 
Kortschot and Beaumont* 7 7  It may be that in the different geometries different sets of 
flaws are responsible for the fracture of the composite; in geometry B the contribution of 
surface flaws may be greater but superimposed upon a set associated with the 
intermetallics or some other peculiarity. Since, in the present composites there were 
numerous flaws, which have been shown to contribute to the fracture, it is not clear 
which were responsible and further investigations are required before any conclusions can 
be drawn about the composite fracture in different geometries.
The comparison of the glass weft orientation related to the strength is now more 
complicated. The difference in the strength of the composite with the weft in-plane or 
through-depth is not sufficient to conclude that the weft does have an effect on the 
initiation of fracture. It has been shown that the fracture in the tensile tests initiates at the 
fibres and intermetallics and this is thought to be the case in the Flexural tests as well. 
Additionally the fracture surfaces of those specimens which failed in flexural tests, 
suggest that the glass weft did contribute to the initiation and propagation of the fracture.
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CHAPTER 5. CONCLUDING REMARKS.
With the exception of the elastic modulus the mechanical properties of the composites 
were extremely disapointing. The longitudinal strength of the composite, in tension, 
was measured at - 1 0 % of the predicted values by the rule of mixtures, indeed the figure 
of 130 MPa was not much improved on the strength of the unreinforced alloy, -80  MPa. 
Even taking the most extreme case of the first fibre failure leading to complete composite 
failure over-estimates the strength. The present study has explained the poor mechanical 
performance in terms of the components and principally in relation to the microstructure 
which results from the interaction between them. Furthermore, the microstructure was 
shown to be the result of a specific set of fabrication parameters.
The quality of infiltration of the preforms was variable and although the majority of the 
fibres were well infiltrated, the close packing of tows resulted in localised porosity. The 
fact that the fibres were held in tightly packed tows by a glass weft used in preform 
manufacture, contributed to much fibre/fibre contact. Furthermore, phases derived from 
the glass weft were found to be carried to and trapped by the the fibre mass, where they 
then acted to hinder further penetration of the melt. Porosity was formed also by 
premature solidification of the melt front, an effect which was especially pronounced in 
the Nicalon-aluminium composite, where large volumes of material were not infiltrated. 
Such lack of infiltration will clearly provide large flaws in the composite with the 
reduction of bonded fibre/matrix and transverse loading areas.
A practical solution to improve the infiltration would appear to be to hold the metal at 
infiltration temperature for a longer time, until full infiltration had occurred, and then
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allow the composite to solidify. However, it was found that even for the relatively short 
periods of time used to infiltrate the present composites, there was reaction between the 
Nicalon and aluminium. This would be undesirable to say the least.
The Nicalon fibre was shown, using EPMA studies, not to be a pure (3-silicon carbide 
fibre but to contain a ternary Si-O-C phase and free carbon, typically in the proportions 
-63 wt%, SiC, -22  wt% silicon oxycarbide and -15 wt% free carbon. These were 
obtained by carrying out a detailed analysis of the effects on soft x-ray emission spectra 
of chemical bonding. An enriched oxygen surface zone, which was thought to be silica 
rich, was observed but only on some fibres. It was found that the use of the x-ray peak 
intensity gave an underestimation of the carbon content; the utilization of the area of the 
characteristic x-ray emission peak improved the calculated results.
The molten aluminium reacts with the silicon carbide and free carbon in the Nicalon fibre 
to form aluminium carbide, A14 C3, according to:
4A1 + 3C -> AI4 C3
4A1 + 3SiC AI4 C3  + 3Si.
In the presence of silicon the latter reaction did not occur and the aluminium carbide was 
formed by the carbon reaction only. The reaction product in the alloy based composite is 
thus a metastable phase and the fibre continues to degrade with time at the elevated 
temperature. In the pure aluminium composite the carbide reaction forms by these 
reactions, but the phase was now stable. In the alloy composite a second reaction
occurred. This concerned the formation of alumina, A12 0 3, by chemical reaction 
between the aluminium and the silica associated with the fibre.
As the extent of the interphase reaction increased the fibre strength and the composite 
strength decreased. The characteristic of the interfacial reaction has a bearing on the use 
of the composite at elevated temperatures, since if such a temperature was maintained 
for a prolonged time the interphase thickness will become excessive and gross 
deterioration of fibre properties result. As it is the fibre properties which control the 
composite behaviour it is paramount to control these interfacial reactions. Indeed it 
would be the situation with a gross interphase that embrittlement of the aluminium matrix 
would occur.
In addition to the matrix/fibre interphase, larger intermetallics phases in the matrix also 
resulted in the fibre fracture. Indeed, this was the main fracture process in the composite 
containing FP alumina. In this material little fibre/matrix interaction occurred but the 
intermetallics were commonly >2 0 0 |im in length. The intermetallics were usually of the 
FeSiAl5  type and resulted from contamination of the melt during infiltration. They 
formed a three-dimensional network with the silicon particles in the matrix to provide an 
easy path for the fracture to occur and some evidence of them failing ahead of the main 
fracture was found. The intermetallics in the aluminium-based composite were less 
extensive and bridged between fibres only when they were tightly packed. These 
intermetallics were FeAl3.
The silicon and the intermetallic particles were formed ahead of the solidification front, 
resulting in preferential deposition in the fibre regions. The coarseness of the silicon and
intermetallics was due to the relatively slow cooling of the infiltrated composite.
An age-hardening alloy was used for the matrix because of the potential enhancement in 
transverse strength produced by the precipitation of Mg2 Si. However, fine-scale 
precipitates were not formed, and the magnesium was found to be present in the first 
100-200 nm of the Nicalon, whether the composite was heat treated or not. The FP 
alumina reinforced composite showed a slight segregation of the magnesium to the 
interface between fibre and aluminium, but peak hardness was produced in a shorter 
time than in the unreinforced alloy. This accelerated ageing is thought to be due to 
enhanced heterogeneous nucleation in the composite compared with the unreinforced 
matrix. However, the use of an alloy that requires the formation of a thermally 
metastable precipitate to increase the transverse properties of the FRM will be beneficial 
only for room temperature applications. For elevated temperature applications a stable 
precipitate would be required, one such example being Al3Ti formed by additions of 
titanium.
It is difficult to see where improvements could be made in the fabrication parameters 
since, despite the infiltration being incomplete, appreciable fibre/matrix reaction had 
nevertheless occurred. The application of some coating may aleviate the problem but this 
remedy would increase the cost of an already expensive reinforcement. Alternatively the 
use of an alloy which has a lower liquidus temperature may be beneficial, such as the 
aluminium-magnesium system which has a eutectic at 450°C.
The network silicon and intermetallics phases were influenced by the cooling rate and in
1 2 1
the present work resulted in a coarse structure. A more fracture-resistant form would be 
one which contains small evenly distributed particles. Quenching is a possible way of 
achieving this matrix structure but such treatment may cause fibre failure or high residual 
stresses due to differential contraction of fibre and matrix. The problem may also be 
alleviated by making additions to the alloy to promote nucleation sites. Furthermore, the 
deposited phases could be avoided by the use of preforming techniques which did not 
apply introduced additional constituents.
The glass weft acted as an easy path for failure and kept the fibres closely packed, both 
of which were undesirable. Filament winding was found to improve the distribution of 
fibres but because of the high volume fraction a large amount of contact between fibres 
still was present. A lower volume fraction of reinforcement, whilst theoretically giving 
poorer mechanical properties, may be worthwhile if improved infiltration can be 
achieved at a lower temperature together with a shorter solidification time to reduce 
detrimental fibre/matrix reactions.
There is clearly wide scope for further investigations into the relationships between 
manufacturing method, microstructure and properties of the composite. In particular, 
the deterioration of fibre properties with casting variables, such as the exposure time at 
elevated temperature, needs study, especially for the reinforcements which are reactive 
with the metal matrix. Control of the matrix chemistry to suppress the interfacial 
reaction may offer a route to achieve the desired bond between fibre and matrix and so 
realize the potentially good mechanical properties of the MMCs. Furthermore, since the 
mechanical properties of the MMC at elevated temperature will be affected by the growth 
of interphases, mechanical tests as well as structural examination need to be investigated 
at temperatures above ambient.
1 2 2
Finally, it is argued that the use of a lower volume fraction of more evenly distributed 
fibres may be benificial with regard to composite strength since the prospects of 
improved infiltration and the associated decrease in porosity may more than compensate 
for lose in potential reinforcement.
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Boron 140 400 3500 438 2.49




140 890 4000 430 3.04
SiC on W 100 1250 3500 420 3.32
Nicalon 15 400 2500 190 2.55
Tyranno 10 470 2900 210 2.4
CARBON
T300 8 120 2000 330 1.74
P100 10 1200 2200 690 2.10
P120 10 1600 2200 820 2.18
Alumina
Saffil 3 25 2000 300 3.3
Saffimax (SD) 3 75 2000 300 3.3
Saffimax (LD) 3.5 75 2000 300 2.0
FP Alumina 20 450 1800 380 3.96
Table 1.1 Summary of properties for fibres which have 
potential use in metal matrix composites.
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Table 1.2 Average elemental composition of Nicalon fibres 
reported in literature.





Table 1.3 Proposed composition of Nicalon fibre by various 
authors.
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39. Nicalon Pure A1 
Al-13.5%Si
No reaction
40. SiC whisker Aluminium Diffusion of A1 into 
SiC
41. Nicalon Pure A1 
Al-14.5%Si
AI4C3 , Al20 3
42. Beta SiC 
(CVD)
99.98 A1 M 4C3
43. Al20 3 /Si0 2
fibres
99.99%A1 vohtile A120  







45. Carbon Al-7%Si-0.4%Mg AI4C3
47. SiC whisker Al-Cu with 
Mg or Ni
MgO, A120 3 and 
MgAl20 4
54. Alumina Al-7%Si-0.4%Mg seg of Mg




70. Nicalon A1 alloy MgAl20 4, Spinel 
silica reaction.
85. Carbon Fibre A1 alloys AI4C3
94. Beta SiC AA6061 No reaction
Table 1.4 A summary of the interfacial interaction between fibre and matrix for a 
number of metal matrix composites. Continued on the next page.
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Reference Reinforcement Matrix Alloy Reaction Product
1 0 0 . Carbon Aluminium AI4C3
SiC H no reaction
1 1 0 . FP-alumina Al-Mg MgAl20 4
1 1 2 . SiC Aluminium AI4C3
1 2 1 . FP Alumina Al-4%Mg MgO fine dispersion 
MgAl20 4 discrete 
crystals.
1 2 2 . Alumina Al-10%Mg Al3Mg2
mixed oxide A120 3 
MgO




A1 alloys AI4C3 , supressed 
by additions of Si
125. FP alumina Al-Mg alloy MgAl20 4
126. ol-S iC 99.9999%A1 AI4C3
127. Nicalon Aluminium not identified
Al-l%Si no reaction
128. Boron Aluminium Several borides 






130. A120 3 (Saffil) AlSil2CuMgNi Segregation of Mg,Si
silica binder piston alloy with high oxygen. 
MgAl20 4
131. Fibres with 
Si0 2 layer 
Silica rod
Al-(Mg,Cu) MgAl20 4 
MgO, A120 3 
CuA102
132. SiC fibre 6061 Y-A120 3
Particulate 7075 y-Al20 3 & MgAl20 4
Carbon both the a i 2o 3
• above A14C3
Table 1.4 cont'd A summary of the interfacial interaction between fibre and matrix for a 
number of metal matrix composites. Continued on the next page.
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Reference Reinforcement Matrix Alloy Reaction Product
133. SiC A1 AI4C3
particulate Al-Si No carbide below
LM13 below 970*C
134. SiC Aluminium A14c 3
SiC/Si02 AI2 O3  + alumina
silicate, AI4 C3  when
silica <5nm.
Table 1.4 corn'd A summary of the interfacial interaction between fibre and matrix for a 

















357 3 plies FP 
Borsic with Woven 
Ti weft strip
100x100x10 F357
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800 357 Glass weft " N357
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Table 2 . 1  Sheet descriptions of the composites used in the present investigation.
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Alloy Composition (wt%)
Silicon Magnesium Iron Chromium Nickel
357 6.5-7.5 0.3-0.38 0.38 <0.05 <0.05
A1
. z — 0.3 — —
Table 2.2 The nominal compositioal ranges of the two matrix alloys used in the 
production of the metal matrix composites.
Crystal
Name
Type Lattice Plane 
Spacing. 2d. 
(nm)
LEF Lithium Fluoride 0.4027
PET Pentaerythritol 0.874
TAP Thallium acid 
Phthalate
2.58
LDE1 Multilayer Device 6.0
STE Lead Stearate 10.04
Table 23  The wavelength dispersive spectrometer analysing crystals fitted to the JEOL 
JXA 8600M electron probe microanalyser
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Material Weight Percent Element in Matrix*
Magnesium Iron Chromium Nickel
357 0.38 0.13 <0.01 <0.01
1000 <0.01 0.86 <0.01 <0.01
N357
300 0.29 1.02 0.06 0.03
400 0.05 1.04 0.02 0.07
500 0.09 0.98 0.03 0.07
1000 0.58 0.60 <0.01 <0.01
N100 <0.01 0.75 <0.01 <0.01
* - For the composites the wet analysis data was calculated to account for the fibre 
volume fraction.
Table 3.1 Wet chemical analysis data provided by ARE Holton Heath, for matrix 
materials and composites.
Element Iron Silicon Aluminium
Weight Percent 25.4 ± 0.4 15.0 ±0.5 63.9 ±0.5
Table 3.2 Data from the quantitative electron probe microanalysis of the intermetallic, 
marked D in figure 3.1, in the 357 alloy.
Element Iron Silicon Aluminium
Weight Percent 24.2 ±0 .3 23.6 ±0.5 54.2 ± 0 .4
Table 3.3 Data from the quantitative electron probe microanalysis of the intermetallic, 
marked E in figure 3.3, in the 357 alloy.
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Element Silicon Oxygen Carbon Total
Batch 1 53.2 ± 1.2 14.4 ±1.8 30.7 ± 1 .5 98.3
Batch 2 53.2 ±1.4 9.0 ±0.4 32.9 ± 2 .2 95.2
Table 3.4 Elemental composition of the Nicalon fibre in the alloy composite measured 
using the quantitative analysis in the JEOL JXA 8600M. The data are corrected using the 




S i0 2 1.25 0.17 -
Silicon 0.51 - -
Graphite - - 0.09
Glassy C - - 0.07
Table 3.5 The difference in the ratio of x-ray intensity from specimen and standard, for 
different standards used for silicon, oxygen and carbon in the EPMA of Nicalon fibres.
Element Silicon Oxygen Carbon
Weight Percent 52.6 ±0.6 11.8 ±0.5 26.8 ± 0 .4  
(27.9 ± 0.5)*
* - Includes a correction for the broader x-ray peak measured for the Nicalon.
Table 3.6 Calculated weight percentages of the elements in the Nicalon fibre, using the 
ZAF correction of Scott and Love.
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Material Full Width At Half Maximum (A)
Carbon, Ka Carbon, Kp Oxygen, Ka Silicon, Kp
----------------------------------------------------------------------------
Nicalon 1.278 0.867 0.148 0.028
Graphite(i) 1.978 1.60 - -
Graphite(ii) 1.869 - - -
Glassy C 1.869 - - -
SiC 1.2 0.711 0.021 0 021
S i02 L • - 0.111 0.017









8.82 7.25 10.95 10.65
(11.27)*
* - Calculated for the broad carbon x-ray peak from the graphite.









wt % vol % wt % vol % wt % vol %
Batch 1 59.4 54.1 29.5 31.3 11.2 14.6
Batch 2 67.9 62.5 19.5 20.9 12.6 16.6
Batch 3 64.5 59.6 26.9 29.0 8.6 11.4
Table 3.9 Estimated composition of the Nicalon fibre batches in the metal matrix 
composites.
Element Silicon Iron Aluminium
Weight Percent 14.7 ± 1.3 24.4 ± 2 .4 66.5 ± 1.8
Table 3.10 Weight percentage of the elements in the intermetallics found in the 
Nicalon-357 composite, measured in the EPMA.
Element Silicon Iron Aluminium
Intermetallic 1 
Intermetallic 2 2.13 ±0.4




Table 3.11 Weight percent of elements in the intermetallics, away from the fibre , 1, 
and close to the fibre, 2, in the Nicalon-aluminium composite.
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Element Silicon Iron Aluminium
Weight Percent 14.63±0.6 25.310.5 59.610.7











357 as cast 6 4 1 5 3.2 6 2 1 4
357 heat-treated 12418 1.0510.03 6 0 1 2
Aluminium 5 2 1 1 3 6 8 1 8
N357 as cast long 132121 0.1110.02 -120
N357 as cast trans 5 4 1 1 4 0.1010.03 -
N357 ht long 7 0 1 9 0.1110.02 -120
N357 ht trans -35 -0.06 -
NIOOw 01 130112 0.1910.01 -
NIOOw 02 8 3 1 8 0.2310.01 -
NIOOf long 149 1 2 2 0.0810.01 -
NIOOf trans (a) -20 - -
NIOOf trans (b) -90 - -
long - tested with fibres in the longitudinal orientation
trans - tested with fibres in the transverse orientation
ht - heat treated, 540°C for 16 hours followed by 10 hours at 160°C
01 - major reinforcement orientation
02 - weft fibre orientation
(a) - transverse Nicalon only
(b) - transverse Nicalon and single woven layer









N357 as cast long 
A 232 ± 19
B 116 ± 23 -
C(weft through-plane) 358 ± 8 -0.17
C(weft in-plane) 305 ± 29 —0.16
C(total) 340 ± 2 0 -
N357 ht long 119 ± 12 -0.14
NIOOf long 176 ± 11 -0.3
NIOOf trans 118 ± 16 -0.79
Table 3.14 Mechanical properties of composite materials tested in flexure, four point 
bending geometries shown in figure 2.4.
Nicalon-alloy composite Nicalon-aluminium composite
Specimen Shear Specimen Shear
Number Strength Number Strength
(MPa) (MPa)
1* 16.4 1* 42.7
2 17.8 2 48.4
3 9.4 3 50.2
4 7.2 4 52.5
5 10.4 5 22.3
Table 3.15 Interlamina shear strength for the composite materials, only those 
specimens marked * failed in shear.
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Composite Strength Dynamic
condition of Fr\3Leture . Modulus
(MPa) (GPa)
As Cast 202 ± 2 6 97 ± 7
Solution Treated 205 ± 50 101 ± 4
Aged 10 hours 215 ± 3 0 102 ± 5
Table 3.16 Mechanical properties of the Alumina/Borsic-alloy composite after different 





Bobbin(acid etch) 1513 ±473




N357(heat treated) 279 ±121
Table 3.17 Strength of single fibres extracted from different 'environments'. The heat 
treatment was 16 hours at 540°C.






58 ±41 (10 ±8)* 
37 ± 24  
12 ± 5
* - Sub-set of fibres tested within the fibre tows.




Bobbin 1560 ±536 2.27 -16.95
Bobbin (heat treated) 1511 ±523 2.94 -21.84
Bobbin(acid etch) 1513 ±473 2.58 -19.34
Preform 1084 ±395 3.00 -21.33
N100 742 ±299 2.54 -17.09
N357 420± 174 2.38 -14.72
N357(heat treated) 279 ±121 2.36 -14.08













Manufacturers 1400 «. .
Data
Bobbin Fibres 720 410 340
Preform Fibres 470 - -
As Cast 357 218 130 100
Heat treated 357 61 - -
Table 4.2 Predicted composite strength using the measured fibre data and simple 
theories.
Fibre Predicted Composite Strength (MPa)
Condition
Rule of Bundle First
Mixtures Strength Over-loaded
Bobbin 670 416
A1 matrix 335 194 170
Table 4.3 Predicted composite strength for the Nicalon-aluminium composite, based on 
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Figure 1.2 The aluminium comer of the Al-Mg-Si phase diagram (a) liquidus and (b) the 
phase distribution in the solid.
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Plasma Spraying, CVD, 
etc.
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Figure 1.8 Main stages in the production of metal matrix composites by a. solid state 





Transfer to Die Remove Component
Figure 1.9 Schematic diagram of the compocasting forming of metal matrix composites.
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Form preform from composite Construct layers of preform and
wires, tapes or sheet. foils, press at elevated temperature
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Figure 1.12 Schematic of the major stages in the squeeze cast forming of metal matrix 
composites.
A- Insert preform and
evacuate die and 
chamber.
■ m P S -
n
% /1  • ~  •
B. Apply inert gas 
pressure.




c. Melt Transfer Tube
d. Melt Alloy
e. Pressure Chamber















Fibre Volume Fraction, Vf Fibre Volume Fraction, Vf
Figure 1.15 Variation of the composite strength 
with the volume fraction of a unidirectional 
material with the matrix yield point below the fibre 
yield stress.
Figure 1.14 Theoretical variation of the composite 
modulus with the volume fraction of fibres.
\\o \
1<1C 1 Mc • > lC
1 I I  1 
1 | 1 1 
1 j 1 1
I j 1 (^f)max |
i 1 < i
i l l :
' A  ' /  \ ° f/ V f  /  \ : /  t v___ ( ^f  ) max \\  V 7 ~*l A \






i ii ii--------- -I
Figure 1.16 Variation o f the tensile strength, a, and the interface shear stress, x, along the 
length of a short fibre in a matrix under tensile load.
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Figure 2.1 Schematic diagram of the preform structure for a. the Nicalon/aluminium-silicon 
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C- Acoustic Emission Transducer 
D- End Tabs









A 60 5 13
B 60 13 5
C 120 4 4

























Fibre u = (b-a).cot co
2 R
Figure 2.7 Basic geometrical features of the fibre/matrix interfacial shear test and the basic 
relationships used in calculating the fibre/matrix interfacial shear strength.














Grind Surface Flat 
Either Fixed Diamond,
50 fj. m, or 45 /xm Slurry.
30 /im Diamond Slurry,- 
#10 Wheel, Complimentary 
at 200 rpm for 5min  ^
15 um Diamond Slurrv.
§2 Wheel. Complimentary 
at 250 rpm for 5 mins
6 um Diamond Slurry. 
§2 Perftex. Comp', 
at 250 rpm for 10 mins
15 fj, m #10 Wheel Contra at 
50 rpm 8mins
6 fj. m Diamond Slurry. 
§2 Perftex. Comp*, 
at 250 rpm for 15 mins
1 /xm Diamond Slurry. #1. 
Contra. 10 mins at 250 rpm
I lliodal Sili<Coll ilica. Microcloth. 
Coh^ra 300 rpm 2.5 mins 
with 0.5 mins Water Flush
Figure 2.10 Stages in the preparation of a polished section of metal matrix 























Figure 2.11 Interactions of an electron beam with the specimen and the size of the x-ray 
generation volume.
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I1. Cut slice from 
composite sheet 
~400|im thick.
2. Cut disc from 
slice 3mm in 
diameter.
Sample
3. " Dimple” disc on 
both sides.
Figure 2.12 The main stages in the "dimpling" technique to produce thin sections of a 




















Figure 2.14 Schematic diagram of the main features in the differential scanning 
calorimetry technique.
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50 \.im X-Ray Energy
Figure 3.1 An optical micrograph of a prepared Figure 3.2 Energy dispersive x-ray spectra of the 
section of 357 alloy in the as cast state showing A intermetallic phase marked D in 3.1. Found to be 
a-alumimum, B eutectic mixture of A1 and Si, C FeSiAl< 
primary silicon and D iron rich intermetallic.
X-Ray Energy
1 0  pm
Figure 3.3 a. The optical micrograph of a second type of iron rich intermetallic which has a 
'script' morphology and b. the corresponding EDS of the phase (FeSi2Al4)
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tX-Ray Energy
Figure 3.4 a. As cast 357 with a dark phase in the aluminium dendrite arms with the EDS 
trace b. showing the presence of magnesium and silicon.
X-Ray Energy
Figure 3.5 A x-ray combination map of the as cast 357 alloy showing the magnesium 
present in bulk phases, a, and the EDS trace of a similar bulk phase, b.
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10 Jim
Figure 3.6 The microstructure of the 357 alloy Figure 3.7 An x-ray combination map of the heat 
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Figure 3.9 Detail of the DSC trace showing a exothermic peak.
>—»
X-Ray Energy
Figure 3.10 A back scattered electron image of a prepared section of the pure 
aluminium, a, with the EDS of the second phase, H, b.
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Figure 3.11 Optical microstructure of the Nicalon-alloy matrix composite in transverse 
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Figure 3.12 Measured fibre diameter Figure 3.13 The EDS trace revealing the only 
distribution for the Nicalon, with a mean elements in the Nicalon fibre were silicon, carbon 
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Figure 3.14 Silicon x-ray emission peaks measured on the PET crystal, for pure silicon, 
a, silicon carbide, b, silica, c and Nicalon, d. All are normalized to the same peak height 










Figure 3.15 Carbon Ka x-ray emission peaks measured on the STE crystal for silicon 


















Figure 3.16 Pie chart showing the percentages of each element in the Nicalon fibre before, 
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Figure 3.17 Silicon Kp x-ray emission peaks for silicon carbide, a, silica, b and Nicalon 
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Figure 3.18 Normalized carbon Ka x-ray emission peaks for silicon carbide, a, Nicalon, b, 
glassy carbon, c and graphitic carbon, d. The arrows on each curve represent the full width 
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Figure 3.19 Normalized carbon Ka second order x-ray emission peaks, for silicon carbide, 
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Figure 3.20 Normalized x-ray emission peaks for oxygen Ka measured using, a, the LDE1 
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Figure 3.21 Calculated composition of the Nicalon material based on the normalized weight 
percentages given in figure 3.16.
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90 % SiC and 10 %  Graphite
Measured Emission Peak for 
r    Nicalon
464 0 43 49
X-ray Wavelength, A
Figure 3.22 Carbon Ka x-ray peak as measured for the Nicalon fibre, a, and calculated 
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Figure 3.23 Surface analysis of the Nicalon fibre; a, comparing the intensity of x-rays 
emitted from the fibre surface with the bulk at different accelerating voltages, b, the 
intensity from fibre surface compared with a silica standard and c, stepped quantitative 










Figure 3.24 Transmission electron microscope image of the Nicalon fibre, a, with the 
corresponding selected area diffraction pattern, b, and the EDS spectra from the bulk fibre, 















Figure 3.25 Prepared surface in the SEM showing the glass weft, a, the EDS trace for the > 
weft, b, and the SAD pattern showing the amorphous nature of the weft, c.
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aFigure 3.26 The types of porosity in the composite due to the fibre packing.
100 pm
Figure 3.27 Optical micrograph 
of the gross porosity found in the 
centre of thick Nicalon/Al-Si 
composite sheets.
20 pm
Figure 3.28 Scanning electron 
micrograph of a Nicalon/Al-Si 
composite after selective removal 
of the aluminium matrix 
constituent, revealing the three 
dimensional networks of silicon, 
S, and intermetallics, D, which 
connect fibres.
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Figure 3.29 Transmission 
electron micrograph of a twinned 
silicon particle bridging between 
two fibres in the Nicalon/Al-Si 
composite.
Figure 3.30 Transmission 
electron micrograph of a 
fractured silicon particle. The 
point at which the crack contacts 
the aluminium shows the 
presence of iron.
1 p.m
Figure 3.31 Fracture of silicon 
particle/fibre interface with the 
aluminium phase between 
showing a large number of 
dislocations but still attached to 
the fibre and silicon.
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X-Ray Energy
Figure 3.32 Optical micrograph, a, of an intermetallic in the Nicalon-357 
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Figure 3.33 The as cast Nicalon-357 composite viewed in the SEM, with a, a 
secondary electron image, b, a back scattered image, c, an x-ray combination map of 
the region for iron, aluminium and silicon, and d, the x-ray combination map for 
magnesium, chromium and silicon. These micrographs show the presence of two 
intermetallics, D shows iron, aluminium and silicon, whereas I shows chromium in 
addition.
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Figure 3.34 An SEM, a, of a region of the matrix which shows large intermetallics which 
the WDS x-ray combination maps for, b, iron, aluminium and silicon, and, b, iron, 
chromium and magnesium, revealed to be either Fe-Al-Si or Fe-Al-Si-Cr.
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Figure 3.35 WDS x-ray combination maps for, b, iron, silicon and aluminium and, c, 
magnesium, nickel and iron , from a region which contains two types of intermetallic, the 
first, D, contains only aluminium, silicon and iron, the second, N, shows the additional 
presence of nickel.
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Figure 3.36 Prepared sections of the Nicalon-357 composite taken from a, a sheet 
produced early in the investigation which has a large number of coarse second phases 
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Figure 3.37 The variation of the magnesium across the Nicalon/matrix interface measured 
by, a, a line scan in the EPMA and, b, by stepped quantitative analysis. The latter was 
produced using a MgAl20 4 standard for the magnesium, aluminium and oxygen, and SiC for 









2 0 0  nm
Figure 3 38 The interface between a silicon particle and the Nicalon fibre in the as cast 
condition, as viewed in the TEM, a, with the EDS traces taken from the silicon, b, at the 























Figure 3.39 The interface between an iron-rich intermetallic of the FeSiAl5 type, with the 
Nicalon fibre as seen in the TEM, a, with the EDS traces from the intermetallic, b, the 











Figure 3.40 The interface between aluminium and Nicalon which TEM, a, shows to have 
little or no reaction, but the EDS, b, shows the presence of magnesium which was in neither 






Figure 3.41 An interface between the aluminium and Nicalon fibre in the Nicalon-357 
composite. As viewed in the TEM, a, a more bulky form, b, the EDS trace taken from an 
interphase, c, and the corresponding selected area diffraction pattern, d, indicate that these 
phases are alumina (A120 3).
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Aluminium
e d X-Ray Energy
Figure 3.42 An aluminium/Nicalon interface in the as cast Nicalon-357 composite in, a, 
bright field and b, dark field. The SAD of the inteiphase, c, and the EDS trace, d, show 
these to be aluminium carbide (A14C3) the lattice planes of which can be seen at high 
magnification, e.
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1 0 0  nm
Figure 3.43 An interface between aluminium and Nicalon viewed in the TEM which shows 
the presence of both aluminium carbides and aluminium oxide in close proximity.
Fibre
2 0 0  nm
Figure 3.45 TEM of a region which has magnesium, aluminium and oxygen containing 
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Figure 3.44 The fibre/matrix interface in an as cast Nicalon-357 composite with a bulky 
phase, A, observed in TEM, a. These phases show a range of compositions, revealed by 
EDS, from those containing little or no silicon, c, to those which have an appreciable level 










Figure 3.46 Interface between Nicalon and a matrix phase viewed in the TEM, a, with an 










Figure 3.46 Interface between Nicalon and a matrix phase viewed in the TEM, a, with an 








1 0 0  nm
Figure 3.47 A fibrous phase found to be present at the fibre/matrix interface in the TEM, a, 
with the corresponding EDS, b.
/
Aluminium
2 0 0  n m
Figure 3.48 A TEM image of a second phase 





2 0  nm
Figure 3.49 A thin interfacial phase observed on some of the fibres. This had a composition 
which showed the presence of magnesium, aluminium, calcium and oxygen, b, the other 




2 0 0  nm
Figure 3.50 The interface between 
Nicalon and aluminium formed in the 
heat treated Nicalon-alloy composite, 
showing enlarged aluminium carbide 
formation.
2 0 0  nm
Figure 3.51 A TEM of a heat 
treated interface showing a 
silicon particle partially regrown 
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Figure 3.54 The DSC trace for a sample of Nicalon fibres showing a similar 
exotherm to that observed for the Nicalon-357 composite (figure 3.53)
Carbon
Nicalon
Figure 3.55 A SEM of the commercially pure 
aluminium matrix composite with the woven 









Figure 3.56 A optical micrograph of the filament wound Nicalon-aluminium 
composite (NIOOf) in transverse section, a, and longitudinal section, b. The 
intermetallics, D, either show the presence of iron and aluminium only, c, or silicon 




20 J im 50 mm
Figure 3.57 A SEM image of 
the Nicalon-aluminium 
composite after selective removal 
of the aluminium constituent, 
revealing the fibre bridging by 
the intermetallics.
Figure 3.58 A Nicalon-Al 
(NIOOw) composite with a large 




2 0 0  nm 500 nm
Figure 3.59 The Nicalon/matrix 
interface in the Nicalon-Al 
composite in the TEM with a 
closely packed aluminium 
carbide inteiphase.
Figure 3.60 A Nicalon/matrix 
interface, in the TEM, of the 
Nicalon-Al composite with the 
carbide still present on the fibre 
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Figure 3.61 The three regions observed in the FP alumina/Borsic hybrid composite. 
These being a, a region which has no reinforcement, b, a monolayer of Borsic fibres 
in the 0° orientation and c, three plies of FP-alumina fibres arranged in 90-0-90° 
orientation.
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Figure 3.62 An optical 
micrograph of the alumina fibre 
region with intermetallics, D, 
silicon, C, and a dross particle, 
X.
Figure 3.63 The measured 
diameter distribution for the 
alumina fibres in the composite.
Silicon
1 0  t^m
Figure 3.65 A SEM of the Figure 3.64 A SAD pattern of
alumina region showing large the alumina fibre showing the
intermetallic bridges between polycrystalline nature of the
fibres and silicon bridging where fibre,





Figure 3.66 The unreinforced region of the Hybrid 
composite showing a large number of iron-rich 
intermetallics (FeSiAl5) and coarse silicon.
FE MG
FE MG SI
Figure 3.67 WDS combination map of an as cast alumina fibre area of the F357 composite 
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Figure 3.68 EDS in the TEM of the alumina/aluminium interface showing the slight 




Figure 3.69 SEM of a deep-etched specimen in the 
alumina region, with a dross phase marked T.
214
1 0 0  Jim
Figure 3.70 The Borsic fibre containing region of the hybrid composite, a, the SEM of the 
area, with, b, the combination map for magnesium, silicon and iron,
MG SI
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1 0 0  jam
Figure 3.70 c A x-ray combination map of the Borsic fibre containing region for 
tungsten, boron and titanium, and d. the titanium weft revealed in the SEM by selective 
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Figure 3.73 The variation of a-aluminium dendrite microhardness, with post 
solution treatment ageing time for the unreinforced alloy, (solution treatment at 
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Figure 3.75 a Tensile stress versus strain curve for the Nicalon-357 composite in both 





















Figure 3.75. Summary of the tensile strength data for the Nicalon-alloy composite with 
the fibres in the longitudinal, b, and transverse, c, orientation.
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Figure 3.76 The acoustic emission event rate versus strain curve for the Nicalon-357 








Figure 3.77 The acoustic emission event rate versus strain curve for the Nicalon-357 
composite in the transverse fibre orientation.
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Figure 3.78 A tensile fracture 
surface of Nicalon-357 
composite, viewed in the SEM, 
of the longitudinal specimen, 
with large flat areas and the glass 
weft notable.
100 pm
Figure 3.79 Tensile fracture 
surface, of Nicalon-357 
composite, showing the lack of 
fibre pull out, the presence of 
fractured intermetallics, D, and 
plastically deformed aluminium, 
P.
100 pm
Figure 3.80 The same area as 
figure 3.79, but a back scattered 
electron image. The lighter area 
is iron-rich intermetallic.
50 pm
Figure 3.81 Tensile fracture 
surface of a Nicalon-357 
specimen with longitudinal fibre 
orientation, showing the partial 
removal of a fibre bundle 
associated with a glass weft. G
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Figure 3.82 Tensile fracture 
surface of a Nicalon-357 
composite, with transverse fibre 
prientation, showing fibre 
splitting and debonding of the 
glass weft fibres from the 
aluminium.
Figure 3.83 Failure of Nicalon 
fibres perpendicular to their 
length, on the fracture surface of 
a transverse fibre orientation 
Nicalon-357 composite, tested in 
tension.
10 pm 20 |im
Figure 3.84 Fracture of a 
Nicalon fibre, from the 
transverse tensile specimen, with 
a combination of splitting and 
transverse fracture.
Figure 3.85 The fracture 
surface of a transverse tensile 
Nicalon-357 composite, showing 
the partial removal of a split 
bundle of Nicalon fibres.
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Figure 3.86 The fracture 
surface of a transverse tensile 
Nicalon-357 composite, showing 
the glass weft separation from the 
matrix and damage to the fibres.
Figure 3.87 The surface of a 
tensile test bar with transverse 
Nicalon fibres, which shows a 







Figure 3.88 A schematic of the flexural test bars with, a, the glass weft in-plane and, b, 
through-plane of the composite.
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Figure 3.89 The stress versus strain curve for the Nicalon-357 composite tested in 
flexure, with the glass weft through- and in-plane.
1  mm
Figure 3.90 Fracture surface of 
the flexural test specimen with 
longitudinal fibre orientation. 
Nicalon-357 composite, shows 
stepping of the fracture path at 
the glass weft and brittle fracture 
of Nicalon areas.
1 0  Jim
Figure 3.91 Fracture surface of 
Nicalon-357 composite with 
fibres in longitudinal orientation 




Figure 3.92 Fracture surface of 
Nicalon-357 composite with 
fibres in longitudinal orientation 
and tested in flexure, with 
’spikey’ phase on the fibre 
surface.
Figure 3.93 Section through the 
fracture surface of a Nicalon-357 
composite tested in flexure, with 
the fibres in the longitudinal 
orientation, showing the brittle 
nature of the failure of tows.
a
Figure 3.94 The matrix region from the section through the fracture surface of a 
flexural test bar of Nicalon-357 composite with longitudinal fibre orientation. The 
features in the fracture path in the SEM, a, are shown to be either silicon or 
intermetallics in the WDS x-ray combination map for iron, silicon and aluminium, b. 
The crack is running from left to right.






Figure 3.95 Section through the 
fractured flexural test bar of 
Nicalon-357 composite away 
from the main crack path 
showing complete Nicalon tow 
failure, R, advance failure of the 
glass weft, U, and matrix 
voiding at second phase particles, 
V.
Figure 3.96 Section through the 
main crack path of the Nicalon- 
357 composite, with a change in 
the fracture path due to the glass 
weft.
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Figure 3.97 Flexural test 
fracture surface for the Nicalon- 
357 composite with the fibres in 
the transverse orientation, with 
much fibre splitting.
Figure 3.98 Fibre splitting 
associated with an intermetallic 
phase, D, on the fracture surface 
of a Nicalon-357 composite 
tested in flexure with the fibres in 
the transverse orientation.
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Figure 3.99 Nicalon fibre 
failure perpendicular to their 
length in a transverse oriented 
fibre Nicalon-357 composite 
tested in flexure.
10 pm 5 pm
Figure 3.100 Apparent skinning4' 
of Nicalon fibres when tested in 
flexure, with the fibres in the 
transverse orientation, for the 
Nicalon-357 composite. The 
failure of the fibres perpendicular 
to their length is associated with 
the silicon in the centre.
10 pm
Figure 3.101 A bulk interphase 
resulting in the'skinning'of the 
Nicalon in flexural tests of the 
transverse orientation Nicalon- 
357 composite, the bright phase Q 
shows x-rays from magnesium, 
aluminium and oxygen, in 
addition to fibre elements.
Figure3.102 Transverse 
fracture surface of a Nicalon-357 
composite flexural test, with a 
region that was not fully 
infiltrated. The feature marked, 
D, is an iron-rich intermetallic 
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Figure 3.103 The stress versus strain curve for the heat treated Nicalon-357 
composite.
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Figure 3.104 The shear fracture 
surface of the Nicalon-357 
composite, with both Nicalon,
N, and weft, W, fibres shown.
Figure 3.105 Shear fracture 
surface of the Nicalon-357 
composite with fibre splitting, Q, 
retained matrix phases, 
aluminium, A, and silicon, S. 
The fibrous interphase, J, 




Figure 3.106 Fracture surface of a Nicalon-357 
composite tested in shear, showing a region which 
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Figure 3.107 The hardness versus post-solution treatment heat treatment time for the 
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Figure 3.108 A typical tensile stress versus strain curve for the Nicalon- 
commercially pure aluminium composite with the woven Nicalon reinforcement. 
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Figure 3.109 A typical example of the stress versus strain curve for the Nicalon- 
commercially pure aluminium composite with the filament wound reinforcement, 
tested in tension, for both the longitudinal and transverse orientations. Two 













Figure 3.110 A typical acoustic emission event rate versus strain plot for the 
Nicalon-commercially pure aluminium composite tested in tension.
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Figure 3.111 Fracture surface 
of a Nicalon-commercially pure 
aluminium composite, tested to 
failure in tension, with 
longitudinal fibre orientation. A 
well infiltrated region with 
plastically deformed aluminium, 
A, brittle fibre failure and fibre 
splitting.
Figure 3.112 A poorly 
infiltrated region of the Nicalon- 
commercially pure aluminium 
composite revealed on the 
fracture surface of a tensile test 
specimen. The feature in the 
centre is prematurely solidified 
aluminium.
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Figure 3.113 Segmentation of 
the Nicalon fibre in a tensile test 
specimen of the commercial pure 
aluminium composite.
Figure 3.114 Fracture surface 
of a Nicalon-commercially pure 
aluminium composite, tested in 
tension, with the fibres in the 
transverse orientation. Fibre 
splitting is common, J, and 
clumps of infiltrated fibres 
partially removed from the 
surface, K.
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Figure 3.115 A transverse 
rracture surface from a Nicalon- 
commercially pure aluminium 
jomposite tested in tension, 
showing fibre failure 
perpendicular to its length and 














Figure 3.116 A typical stress versus strain curve for the Nicalon-commercially pure 
composite tested in flexure. With curves for both fibre orientations.
Figure 3.117 The flexural test 
fracture surface for the 
commercially pure based 
composite with an extensive 
volume of non infiltrated fibres, 
resulting in pseudo-pullout.
lmm 1 0  fim
Figure 3.118 Fracture surface 
from a Nicalon-commercially 
pure aluminium composite with 
longitudinal fibres, showing the 
failure of the fibres perpendicular 
to their length and retained 
surface aluminium.
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Figure 3.119 Fracture surface 
of a Nicalon-commercially pure 
aluminium composite with 
transverse fibres and tested in 
flexure, showing the clean fibre 
surface of a non infiltrated 
composite.
Figure 3.120 The shear fracture 
surface of a Nicalon- 
commercially pure aluminium 
composite, with a well infiltrated 
region, showing fibre splitting.
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Figure 3.121 An area of the 
shear fracture surface which was 




Figure 3.122 Schematic diagram of the orientations in the FP-alumnia/Borsic-357 
alloy composite.
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Figure 3.123 Fracture surface 
of the hybrid composite showing 
the Borsic fibre splitting, V, and 




Figure 3.124 Fracture surface 
of the alumina region of the 
hybrid composite with the 
longitudinal orientated fibre 
fracture associated with a number 
of shattered intermetallics, D.
The fracture of the fibres shows 
their polycrystalline nature.
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Figure 3.125 The fracture 
surface of the alumina region, 
with the fibres in the transverse 
orientation, the large 
intermetallic, D, in the centre is 
associated with perpendicular 
fibre failure marked with the 
arrow.
Figure 3.126 The fracture 
surface of the Borsic fibre region 
of the hybrid composite with the 
fibre splitting, S, and debonding 
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Figure 3.127 The hardness versus post solution treatment heat treatment time. Heat 
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Figure 3.129 Measured strengths of fibres from each environment, a, as-received, 
b, preform, c pure aluminium composite, d, as cast alloy composite and e, heat 
treated composite.
237
20 |im 1 0  [im
Figure 3.130 A SEM oftheas Figure 3.131 The Nicalon fibres
received Nicalon fibres with the after desizing.
size on the surface.
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Figure 3.132 The Nicalon fibre as removed from the alloy based composite, 
showing silicon on the surface, a, extensive interphases, b, and reacted interface, c.
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Figure 3.133 Typical indents produced in fibre/matrix interfacial shear tests with a, 
indent in fibre and matrix, b, a shattered fibre and deformed aluminum and c, matrix 
phases attached to a split and depressed fibre.
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Figure 4.1 The formation of the porosity in the composite due to freeze off of the 




















Solidified composite with the 
silicon and intermetallic 
segregation.
A lum inium -Silicon
Silicon Enriched  
M elt
IntermetalFc
Figure 4.2 Schematic diagram representing the solidification of the Nicalon 
composite, in a, the matrix fully infiltrated into the fibre mass, the aluminium 
dendrites nucleate and start to extend, b, pushing the silicon and iron rich melt 
towards the fibres, the intermetallics nucleate and grow, c, finally the silicon e ubechc. 




Figure 4.3 The aluminium comer of the aluminium-silicon-iron phase diagram, the 
liquidus and the phases in the solid.
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Figure 4.4 A pseudo binary phase diagram at 7.5 % iron, between aluminium and silicon.
Figure 4.5 Partially transformed FeSi2Al4 intermetallic with orientation relationship to the 
stable FeSiAl5 form, after Yang and Scott.
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Figure 4.9 A TEM micrograph of the aluminium carbide formation at the interface of 
aluminium and carbon fibre, after Yang and Scott.
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Figure 4.6 Schematic diagram of the interfacial reactions in the Nicalon composites. The 
interaction between aluminium and carbon containing phases to form aluminium carbide, a, 
the formation of alumina by reaction of aluminium and surface silica, b, and the 
diffusion/reaction of aluminium and silicon at the interface, c.
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1. Rate constant from Okura and Motoki. ’31
2 . Rate constant based on data by VialaetairAluminium.
3. Rate constant based on data by Viala et al^Al-14.5% Si.
Figure 4.7 The reaction product thickness versus reaction time for the reaction between 
aluminium and carbon (Parabolic rate constant from Okur and Motoki13), aluminium and 
Nicalon (Parabolic rate constant calculated from Viala et alf and aluminium-silicon alloy 
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Figure 4.11 The predicted stress versus strain curve for the Nicalon-357 composite, 
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Figure 4.12 Weibull probability distribution plots for each fibre environment, from 
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Figure 4.13 The Weibull probability distribution with and without a diameter 
correction.
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Figure 4.14 The stress versus strain curve for the Nicalon-357 composite with the 


















3 0 0 0
As-received and Preform 









6040 8 020 100
Calculated Flaw Depth (jam)
F ig u re  4.15 The calculated flaw size that would result in the fibre strength measured. Based 
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F ig u re  4.16 The measured strength of the fibre and composite versus the estimated 




































Interface Phase Thickness (Jim)
a. Fibre failure due to intrinsic flaws.
b. Fibre failure due to interphase (with stress enhancement).
c. Fibre failure due to second phase failure.
Figure 4.17 The theoretical strength dependence on the brittle interphase thickness for the 
Nicalon composite, with three zones. The first is failure due to fibre intrinsic flaws, 



























Figure 4.18 The Weibull probability distributions for the tensile tests on the Nicalon-357 





Figure 4.19 A schematic diagram of the possible contributions to the interfacial bond 
strength measured in fibre/matrix interfacial shear testing for metal matrix composites. These 
include the plastic deformation of the matrix, a, the fracture of the bond followed by sliding, 
b, fibre fracture with no fibre movement, c, and fibre and attached matrix phase failure, d.
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Figure 4.20 A schematic diagram of the volume of material associated with the interfacial 
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Figure 4.21 The flexural strength fdr longitudinal orientated specimens, versus geometrical 
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F ig u re  4.22 The measured composite strength in flexural test, versus a calculated 



























Figure 4.23 The theoretical variation of load and associated probability of composite 
failure with the distance from the neutral axis of flexural test bar, for each of the bar 
geometries used.
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